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SECONDARY ION EMISSION FROM METALS INDUCED BY 10 ~— 100 kev IONS 


B. V. PANIN 
Submitted to JETP editor September 29, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 3-10 (July, 1961) 


Secondary ion emission from Mo, Zr, and graphite bombarded with Hj, Hj, Hz, He*, C*, N*, 
Cl*, Ar*, and Mo* ions was studied to determine the mechanism of interactions between me- 
dium-energy (10—100 kev) atomic particles and solids. The dependences of ion-ion emis- 
sion coefficients on the nature of the primary ions, and on their initial velocity and charge 


were investigated. 


Lite study of the mechanism of interactions be- 
tween atoms or ions with intermediate energies 
(10 —100 kev) and solids has acquired increasing 
importance in recent years, because of the contin- 
ually expanding utilization of fast ions in widely 
diversified fields of science andtechnology. Infor- 
mation is obtained by studying the secondary ion 
emission induced when solids are bombarded with 
ions or atoms. This field is very well covered by 
reviews such as ™ and a number of theories de- 
scribing ion bombardment processes have recently 
been proposed.!2-®1 The testing of these theoreies 
requires new experimental investigations, since 
conflicting data are often found in the literature. 
Even relatively recent publications are either 
inadequate methodologically or discuss narrowly 
limited special cases. 

The shortcomings of these investigations in- 
clude a) uncontrolled composition and energy of 
the bombarding particles (as in measurements 
in connection with a glow discharge); b) insuffi- 
ciently thorough cleaning of the working surfaces 
of target (adsorption from the ambient, nonvolatile 
impurities that can be formed during the produc- 
tion and treatment of the target material or during 
its thermal conditioning in the measuring appa- 
ratus or under ion bombardment); and c) syste- 
matic errors in measuring particle emission from 
the target surface, resulting often from lack of 
knowledge regarding the mass, charge, and energy 


distributions of the particles. The present inves- 
tigation of some characteristics of ion-ion emis- 
sion excludes some of these defects, while reduc- 
ing considerably the influence that the other defects 
have on the results. 


APPARATUS AND EXPERIMENTAL TECHNIQUE 


The mass monochromator represented in Fig. 1 
was used to produce ions of rigorously defined 
masses and energies. Different isotopes from Hj 
to Mo* with energies ranging from 5 to 120 kev 
bombarded 2 x 5 mm? targets; the resolving power 
was m/Am = 200. The ion current density at the 
target was 105-105: amp/cm?. Ion energies were 
determined from the accelerating potential differ- 
ence (with 0.01% stabilization) between the elec- 
trodes of the ion source. The ion energy spread 
at the target was under 1%. 

Target contamination by atoms from the sur- 
rounding space was reduced by lowering residual 
gas pressure in the chamber of the target 16, and 
by using hot targets (above 1000°C). A differen- 
tial pumping system (a series of oil diffusion 
pumps with ‘‘non-leaking’’ liquid nitrogen traps) 
and the copper shell 12 at liquid nitrogen tempera- 
ture reduced the residual gas pressure in the 
working chamber to (2—3) x 10° mm Hg. 

Metal targets in the form of 30 x 12 x 0.2 mm 
ribbons and graphite targets 0.4 —0.5 mm thick 
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were heated by emission from a tungsten-ribbon 
heater located directly behind the target. 

Figure 2 shows the method used to measure 
ion-ion emission coefficients. A beam of ions 
with a specified mass and charge was directed at 
the target 1 through an aperture in the three- 
electrode diaphragm 11. A 3 x3 mm aperture 
for the purpose of defining the ion-beam cross 
section was cut in the first electrode, a plate of 
the same material as the target. This protected 
the target surface from contamination by foreign 
atoms produced through sputtering of the edges 
of the first diaphragm. 

The apertures in the second and third elec- 
trodes were somewhat larger, so that their edges 
were not bombarded by ions. These electrodes 
prevented secondary electrons and ions formed 
at the edge of the first diaphragm from entering 
the target-to-collector system. A 400-volt poten- 
tial was applied to all three electrodes, with alter- 
nating signs in a sequence depending on the charge 
sign of the secondary ion under investigation. The 
secondary-ion collector was a rectangular cham- 
ber surrounding the target 1. 

For the purpose of excluding errors in current 
measurements resulting from tertiary electrons 
formed on the collector walls, a molybdenum grid 
was installed on the inner walls of the collector 
and was given a 150-volt negative potential with 
respect to the latter. During the measurements 
of the coefficient 6* the potential difference be- 
tween the target and collector was maintained at 
— 400 v, which when added to the grid potential 
provided a —550-volt stopping potential for nega- 
tive secondary ions. 

Analysis of the secondary-ion energy spectra 
revealed the existence of a considerable number 
of negative secondary ions with energies above 
550 ev. The error thus introduced in the meas- 
urement of positive secondary-ion currents was 
estimated from the secondary-ion energy spectra. 
In bombardments with ions of atoms (Ar) possess- 
ing no electron affinity, attenuation of the positive 
secondary-ion current cannot exceed 2%. For bom- 


FIG. 1. Diagram of apparatus. 1—elec- 
tromagnet; 2,3, 4—diffusion pumps; 6, 7 — 
tubular diaphragms; 8 — solenoid of ion 
source; 9 — accelerating electrode; 10 — 
gas-discharge unit of ion source; 11—sec- 
ondary-ion collector; 12—enclosing shell 
cooled by liquid nitrogen; 14 —three-elec- 
trode diaphragm; 16 — target. 


FIG. 2. Experimental arrangement for measuring ion-ion 
emission coefficients 64 1— target; 2—heater; 4 —ion col- 
lector; 5— grid; 6 -microammeters; 9 —electron collector; 
10 — deflecting system; 11—three-electrode diaphragm. 


bardments with O* and C* this error increases 
somewhat; for H* the error reaches 20%. 
The value obtained for 6* was also affected by 


the escape of fast ions of both signs from the meas- 


uring system. It follows from geometrical consid- 
erations that this error cannot exceed + 1% of the 
true value of 6*; this error has therefore been 
neglected. Random errors measured from the 
spread of the measurements did not exceed +5% 
in any instance. All currents were measured with 
M-95 microammeters having a maximum sensitiv- 
ity of 2 x 107° amp per scale division. 

Figure 3 shows three additional electrodes 
(9 and 10), which were used to determine the 
negative component 6” of secondary-ion emission. 
If the current received by the collector is to con- 
sist only of negative secondary ions, it is insuffi- 
cient to hold positive ions at the target. The nega- 
tive ions must also be separated from the simul- 
taneous flux of secondary electrons, which is at 
least ten times greater than the ion flux. For this 
purpose the entire measuring setup was placed in 
a magnetic field whose lines of force proceeded 
from the target 1 through an opening in the collec- 
tor 4, between the electrodes 10, and through the 
electrode 9. Consequently, all electrons leaving 
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FIG. 3. Ion-ion emission coefficient 5+ 
for Mo target vs velocity v of bombarding 
Mot, Art, Net, Het, Ht, H}, and Hf ions. 
For Ht, %6 is given; for H}, 46 is given. 


FIG. 4. Ion-ion emission coefficient 65+ 
for Zr target vs velocity v of bombarding 
Art, Cl+, N+, Het, H}, H}, and H} ions. 


the target moved to the electrode 9 along helical 
trajectories even in relatively weak fields (not 
stronger than 1000 oe). 

A few very slow negative secondary ions that 
accompanied electrons passing through the collec- 
tor aperture were returned to the collector circuit 
by the electric field between the electrodes 10. 
Unfortunately, our apparatus did not permit the 
use of potentials large enough to prevent the re- 
turn of slow negative secondary ions to the target 
by the action of the magnetic field, or to stop a 
large group of fast positive ions that reached the 
collector along with the negative ions. Our values 


45 


v, 10° cm/sec 


of the negative ion-ion emission coefficient 6” are 
therefore only estimates. 

It must be noted that even prolonged thermal 
conditioning in a high vacuum does not rid the tar- 
get of nonvolatile impurities. As a second stage 
of purification preceding all measurements, the 
working surfaces of targets were bombarded with 
~ 500 wa/em? of Ar* ions at 30 — 40 kev. Nonvolatile 
carbides, silicides, nitrides, and oxides of the dif- 
ferent target elements were thus removed from. 
the surface by means of cathode sputtering. The 
high-temperature targets did not retain deeply 
penetrating Ar atoms as impurities. (The same 
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effect is used in separating noble gas isotopes. ) 
The high temperature of the targets also assisted 
restoration of the regular target-crystal structure 
after it had been damaged by ion bombardment. 
Although the ion beam acts catalytically in chem- 
ical reactions on a target surface, the targets 
were not contaminated in our experiments. Early 
in the 1950’s I. M. Samoilov, V. G. Tel’kovskii 
and the present author showed that the formation 
rate of impurity film on a molybdenum target is 
slower than its removal rate for the Ar~ current 
density j > 0.1 milliamp/cm? with the initial en- 
ergy E,) = 30 kev and pressure p < 10-§ mm Hg. 
For the purpose of obtaining reliable repro- 
ducible results, Ar* bombardment preceded each 
measurement. This was especially important 
when measuring the secondary emission coeffi- 
cient 6* for active gas ions (O*, N*, Cl* etc.). 
When 30-kev Ar* were used our purity criterion 
for the target working surface was the attainment 
of a minimum value for 6° that could be repro- 
duced from run to run and that did not depend on 
the bombarding-ion current density over a range 
of two to three orders of magnitude (with p 
< (2—3) x 107’ mm Hg and T=1000°C). Further 
elevation of target temperature would not improve 
the working surface, since increasing migration 
rates of impurities from target areas unpurified 
by the beam and impurity diffusion from the in- 
terior would nullify the purifying effect of ion 
bombardment. 


The absolute values of the ion-ion emission 
coefficient obtained in different runs did not al- 
ways agree even after careful target preparation. 
The ionic purification technique enabled us to com- 
pare data from different runs. The results for any 
given series were expressed in relative units with 
the ion-ion emission coefficient for 30-kev Ar* 
ions taken as unity. Smooth curves then fitted the 
results of many runs with greatly reduced spread. 

The ion-ion emission coefficient of either sign 
(6+) will be understood to mean the ratio of the 
total ion current of the given sign leaving the tar- 
get during ion bombardment to the current of bom- 
barding ions. Figures 3 to 5 show the coefficients 
6* as functions of primary ion velocity. Our meas- 
ured coefficients thus take into account both the 
current of reflected ions and the current of ionized 
atoms knocked out of the target surface. Our defi- 
nition pertains to ion currents rather than to num- 
bers of ions, since it is a very complicated problem 
to determine the numbers of ions with different 
masses and overlapping energy spectra and in dif- 
ferent stages of ionization. For the same reason 
the distinguishing of reflected ions from all other 
secondary ions according to their energies, as in 
reference 9, for example, does not achieve its 
purpose in most instances; it does not represent 
correctly the true ratio between the numbers of 
secondary ions formed in different ways. 


FIG. 5. Ion-ion emission coefficient 5+(v,) for graph- 
ite target bombarded with Art, Nt, C+, H}, H}, and H? 


ions. For H+, %46 is given; for H+, 48 is given. 


v, 10° cm/sec 
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RESULTS 


Before the measurements of 6” were begun, 

a special experimental run investigated the de- 
pendence of secondary-ion emission on the gas 
pressure around the target, on target temperature, 
and on the primary ion current density. It was 
found thatat pressures below 2—3 x 10 ' mm and 
at 1300°K, 6* for pure Mo and Zr targets is 
independent of the incident ion current density. 

All curves in Figs. 3 —5 were obtained under 
these conditions. 

The most complete studies were carried out 
for secondary ion emission from Mo (containing 
0.008% Fe and 0.007% Al), Zr (obtained by the 
iodide decomposition process), and graphite 
(EG-14) bombarded with Hj, Hz, Hj, He*, C’, 
N*, O*, Cl*, Ar*, and Mo*. Even a slightly in- 
creased impurity content in the Mo target re- 
sulted in an appreciable increase of 6°. 

In Figs. 3, 4, and 5 the curves of 6*(vo) for 
all targets are similar. This applies also to 
copper and molten tin, the data for which are not 
presented here. It is noteworthy that 6* increases 
proportionately to the velocity of heavy primary 
ions from 10’ to 10° cm/sec, and that it decreases 
smoothly at higher velocities of light ions. 

Figures 3, 4, and 5 show that with increasing 
mass of the incident ion secondary-ion emission 
grows rapidly regardless of whether the bombard- 
ing ions are heavier or lighter than the target ions. 
Secondly, 6* also increases with the mass of the 
target ions. It is found that the secondary-ion cur- 
rents produced by bombardment with the molecular 
ions Hz and Hj are almost two and three times 
greater, respectively, than the secondary-ion cur- 
rent produced by Hj; with the same velocity. This 
agrees well with the hypothesis of many investi- 
gators that molecular ions dissociate into their 
atomic components upon striking a solid surface. 
In this case the somewhat smaller number of sec- 
ondary ions produced per atom, compared with the 
results from bombardment with the corresponding 
monatomic ions, suggests that a small fraction of 
molecular ions are reflected without dissociating. 
This difference could be attributed to a possible 
difference between the secondary emission coeffi- 
cients for ions and neutral atoms. However, a 
special experimental run showed that in our en- 
ergy range the emission coefficient does not de- 
pend on the unneutralized charge of bombarding 
particles. This effect results from the completely 
determinate statistically averaged equilibrium 
charge distribution in a beam of particles with 
like velocities, traversing even a small number 


of atomic layers in a target. Both of our conclu- 
sions are in accord with the analogous character- 
istics of secondary-electron emission under ion 
bombardment. ®! 

More detailed measurements of 6*(vo) for 
protons sometimes reveal a fine structure. The 
smoothness of the 6*(v)) curve for Mo is broken 
by a sharp decline of ion emission at Hj veloci- 
ties around 1.4 x 10°, 1.7 x 108, and 2.8 x 10° cm/ 
sec. In all instances the half-width of the mini- 
mum was not greater than 0.5 kev. 

The measurements indicated that 6°(vo) varies 
in the same way as 6*(vo), and that the respective 
absolute values are of the same order of magnitude. 
The curves for 6 (vo) are not given here because 
of their low accuracy. The resemblance between 
6" (vp) and 6*(v)) suggests that 6°(vo) will vary 
in a similar manner. (Some ions can be reflected 
in the neutralized state. ) 

We can therefore assume identical mechanisms 
for secondary-ion emission and cathode sputtering 
in a high vacuum with bombarding currents that do 
not greatly elevate the temperature of the entire 
target. The relative numbers of particles can vary 
depending on the amount and character of metal 
surface contamination and the probabilities for the 
formation and neutralization of all kinds of emitted 
particles in each energy interval. 

It is difficult to compare our present data with 
the existing theories of cathode sputtering, which 
do not allow for the possibility that sputtering 
products will be ionized. Nevertheless, the posi- 
tions of the peaks on the 6*(v)) curves for Hj 
bombardment of Mo and Zr can be regarded as 
confirming Keywell’s"! hypothesis regarding the 
interaction of bombarding ions with lattice atoms 
and conduction electrons in metals. 

In conclusion the author wishes to thank L. A. 
Artsimovich, I. N. Golovin, and G. Ya. Shchepkin 
for their continued interest and valuable discus- 
sions, V. G. Tel’kovskii for several useful com- 
ments, and laboratory assistants A. A. Borisov 
and Yu. E. Pavlov for assistance with the apparatus. 
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Ternary fission of U8 induced by 14-Mev neutrons is investigated. The fission character- 


istics are compared with ternary fission of 


Durine the study of fission of uranium induced 
by 14-Mev neutrons, it was observed that in some 
cases the uranium undergoes fission with the emis- 
sion of a third charged particle, an a particle. (1) 
This phenomenon has been widely studied earlier 
in the case of fission of U?%, Pu28®, and U2? in- 
duced by thermal neutrons, and was also ob- 
served in the fission of U?8 induced by 2.5-Mev 
neutrons.'*] Comparison of the characteristics of 
complex fission at different excitation energies is 
of considerable interest, but the results obtained 
from the small number of cases observed"! allows 
one only to establish the fact that such a reaction 
occurs with an approximate probability of 1: 

(1000 — 1300) with respect to the number of binary 
fissions. In the present article, we shall discuss 
more fully the characteristics of the process. 

The experiment was carried out by the emul- 
sion method under the same conditions as before. 
To eliminate background due to a random super- 
position of a-particle tracks from the natural ac- 
tivity of uranium, we recorded only cases in which 
the a-particle range was at least 30 in the emul- 
sion. 

A total of 231 a particles from complex fission 
was recorded. The ratio of the number of complex 
fissions to the number of binary fissions was 
1:1250. Owing to the fact that we recorded only 
those events in which the range of the a-particle 
track in the emulsion pellicle was greater than 
30, we introduced an appropriate correction, 
from which it followed that the probability of com- 
plex fission should be taken as 1: (1050 + 100). 

The cited error includes the statistical error 
and systematic error due to the fact that part of 
the cases of ternary fission cannot be separated 
from the random superposition of binary fissions 
with a particles from nuclear reactions occurring 
in the emulsion. 

To construct the energy spectrum of the @ par- 
ticles from complex fission, we made use of 158 


Ci] 


y235 


induced by thermal neutrons. 


particles which stopped in the emulsion. After in- 
troducing the geometrical corrections for the es- 
cape of particles from the emulsion, we plotted 
the spectrum by the method of Ferreira and 
Waloschek. “1 The spectrum is shown in Fig. 1. 
Also shown in this figure is the a-particle spec- 
trum from ternary fission of U5 induced by 
thermal neutrons, obtained by the photographic 
emulsion method of Titterton. !°! 

The size of the asymmetry in ternary fission 
which, in our case, can be characterized by the 
ratio of the ranges of the two fragments Rj /Rh, 
is shown in Fig. 2. The corresponding curve is 
also given for the complex fission of Ue tins 
duced by thermal neutrons obtained earlier by 
Solov’eva from 650 cases. The angular distribu- 
tion of the a particles relative to the fission 
fragments does not differ from that obtained 
previously. §1 

There is quite good agreement between the 
characteristics of complex fission of Gh in 
duced by 14-Mev neutrons and of u?* induced 
by thermal neutrons. 

The decreased probability of ternary fission 
of U2°8 induced by 14-Mev neutrons indicates, 
perhaps, that the emission of a particles during 
fission takes place only after the nuclear excita- 
tion is reduced by the evaporation of one or two 


40 


NW 
30 
FIG. 1. Energy spectrum 
of alpha particles from ter- 
nary fission of U?*® by 14- 20 
Mev neutrons. Solid curve — 
spectrum of alpha particles 
from ternary fission of U?** 10 
by thermal neutrons. 
SRT Tt Ie 7 a 
a, Mev 
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esr 
20 Fig. 2. Distribution 
of ternary-fission events 
(3 by asymmetry of fission 
fragments. Solid curve — 
10 analogous data for U** 
fission by thermal neu- 
a trons (Rj; and Rp are 
the ranges of the light 
a Tao CORT PEAY EY and heavy fragments), 


R]/Rh 


neutrons. This considerably complicates the 
process, since different nuclei undergo fission 
with different excitation energies. 
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Extensive and ‘‘young’’ air showers were studied at sea level with an array of 128 ionization 


chambers covering an area of 10 m? 


. The energy of the nuclear-active particles near the 


axes of the extensive showers was found to be less than 50 percent of the energy of the 
electron-photon component. The mean inelasticity coefficient of the nuclear-active particles 
of the extensive showers exceeds 0.6—0.75. There is practically no nuclear-active compo- 
nent in a large fraction of the ‘‘young’’ atmospheric showers. 


INTRODUCTION 


‘ee opinion that the extensive air shower (EAS) 
is an electronic cascade in equilibrium with a 
nuclear avalanche, which in turn serves so to 
speak as a base for the shower, {11 has for a long 
time been regarded as suitably founded and not 
subject to doubt. 

Many recent investigations, however, have 
shown, on the one hand, that the arguments used 
to prove the important role played by the nuclear- 
active component in the development of the EAS 
deep in the atmosphere is not unequivocal. [1 
Models have been proposed, on the other hand, 
by which all the average characteristics of the 
EAS are explained without stipulating that the 
nuclear-active particles play a decisive role in 
the development of the EAS, 3! 

It seems to us, in this connection, that the 
question of the characteristics of the elementary 
processes that underlie the formation of EAS has 
now again become timely. It is possible that a 
study of the nuclear-active particles in an EAS 
will help answer this important question. We 
deemed it advisable, therefore, with an aim to- 
ward obtaining information on nuclear-active 
particles in air showers, to carry out a suitable 
reduction of the experimental data obtained with 
the apparatus (41 ysed to study ionization bursts 
at sea level. 

The apparatus used to carry out this research 
was described elsewhere.“! The same reference 
contains data on the threshold for the registration 
of ionization with chambers in various rows, and 
on the system used to trigger the signal control 
in the case of registration of an air shower. 


1. NUCLEAR-ACTIVE PARTICLES IN EXTEN- 
SIVE AIR SHOWERS 


In the case when an EAS strikes the array, the 
summary ionization in chamber rows III and IV 
(see™1, Fig. 1) served as an indication of the en- 
ergy Ee_ph of the electron-photon component of 
the EAS striking the array. If nuclear-active par- 
ticles were simultaneously incident on the array 
from the EAS, they interacted with the graphite 
block in the array and transferred part of their 
energy to the m° mesons. The energy transferred 
to the 7° mesons was determined from the sum- 
mary ionization in chamber rows I or II. 

If we measure the ionization Jmax produced by 
all the particles of the electron-photon cascade 
during the maximum of its development, then the 
energy of the cascade is E = kJmax, where k is 
practically constant. 

In the real conditions of our array, when the 
ionization was determined only at two cascade- 
development depths (in rows III and IV or I and 
II ), it was impossible to locate the maximum of 
the shower or to determine Jax. In order to 
minimize the error, we took for Jmax each time 
the ionization in that pair of rows (III or IV and 
I or II), in which the ionization was greater. We 
shall henceforth use the notation Jj, and J34, 
bearing in mind that we took the greater of the 
two possible values of the overall ionization ob- 
tained from rows I and II or III and IV, respec- 
tively. 

If it is true that Jmax = J1,2 (for the lower 
rows) or Jmax = J3,4 (for the upper rows), then 
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FIG. 1. Example of distribution of ionization over cham- 
bers of rows III and IV in the case when the axis of the EAS 
goes through the array. Abscissas—number of the chambers in 
a given row; ordinates—ionization in a given chamber, ex- 
pressed in terms of relativistic particles passing through the 
the central chord. The lower part of the figure shows the dis- 
tribution of the ionization, due to nuclear-active particles, in 
rows I and II. 


i.e., 
Ex! Eeph= Ji2f Iss. 


It must be noted that the determination of the 
absolute value of Ee_ph or of E70 from the meas- 
ured values of J34 or J. is subject to consider- 
able errors, since the coefficient k depends on 
corrections for the transition effect, on construc- 
tive features of the chambers, and on the spatial 
and angular distributions of the particles, factors 
that do not lend themselves to accurate evaluation. 
This coefficient does not enter into the ratio E,0/ 
Ee-ph (if the chambers of the upper and lower 
rows are identical, as was the case in our array); 
it is therefore methodologically more correct to 
measure this ratio rather than Ee_ph and E70 
separately. Thus, the ratio of the summary ioni- 
zation (summed over the row), measured by the 
lower rows of chambers, to the ionization meas- 
ured in the upper rows of the chamber, will yield 
the energy transferred by the 7° mesons to the 
nuclear-~-active particles of the EAS, referred to 
the energy of the electron-photon component of 
the EAS at the shower location where the nuclear 
active particles were located. 


Since we did not use any special systems to de- 
termine the position of the shower axis in the reg- 
istration of the EAS, the average (J; ./J3 4) is 
essentially equal to the ratio (Eqo/Ee-ph), aver- 
aged over showers with different numbers of par- 
ticles (of different ‘‘powers’’) and over different 
portions of the shower. In those cases when the 
distribution of the ionization over the chambers 
of rows III and IV had a maximum at the central 
part of the layout and decreased monotonically 
towards the edges in both rows, III and IV, we 
assumed that the shower axis passed through the 
array. 

An example of one such case is shown in Fig. 1. 
When the ionization distribution had no maximum 
or when the ionization increased monotonically 
from one edge of the array to the opposite one, 
or finally, when the ionization had a maximum in 
one row in the central part of the array, while the 
other row had no maximum, it was assumed in all 
these cases that the shower axis did not pass 
through the array. 

We have singled out from among all EAS ees 
tered by the array those cases for which J 3.4 te 
x 10* relativistic particles, i.e., cases for which 
Ee_-ph 2 2 X 10 ev. During the 1842 hours that 
the array was in operation, 284 EAS with J3 4 
> 1.2 x 104 were registered. The distribution of 
the number of cases of incidence of the axes of 
EAS of various ‘‘powers’’ is listed in Table I. 


Table I 
Number | Number of 
of show-| showers 


Size of mepr ces ers with | with axis 
E axis over| outside 


array grray.. 
1.2-108<J, .<2,4-40¢| 68:48 8329 
2.4408 J <6-104 | 4747 | 5447.7 
6-108<Jy 4<4.2-405] 1323.6 | 1443.3 


As can be seen from Table I, the EAS axis 
passes through the array in approximately 50 per- 
cent of the cases. In those cases when the axis 
passes outside the array, the EAS region regis- 
tered is close to the shower axis. Consequently 
the ratio E70/Ee-ph pertains to the central re- 
gions of the EAS. 

Starting from the frequency of the registered 
EAS and from the energy of the electron-photon 
component of the showers (J34 = 1.2 x 104 corre- 
sponds to Ee-ph 2 2x10!" ev), we can conclude 
that by picking out the showers with J3, = 1.2 
x 104 we automatically pick out the EAS with 210° 
particles. The average for these showers is 
(Ji,2/53,4 = 0.130 + 0.047. The distribution of the 
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To increase the accuracy we interconnected 
the chambers in groups of three, and additionally 


Pile NOG NeEe Oe ips, 12 os interconnected the groups that were symmetrical 
FIG. 2. Distribution of EAS based on the ratio J, ,/J,,., about the vertical plane passing through the center 
(abscissas). The ordinates represent the number of showers of the array. The result was the summary-ioniza- 
with given ratio J, ./J;,,- tion distribution shown in Fig. 3. This distribution 
shows that the three outermost chambers, taken 
values of J; ./J34 over all 284 showers is shown together, registered in all the EAS an ionization 
in Fig. 2. 1.86 + 0.26 times greater than registered on the 


For the showers whose axes passed through the average by the like three-chamber groups remote 
array, we obtained (J;./J3,4) = 0.128 + 0.036. The from the edge of the array. Assuming that the 


distribution of the ratios J;,./J34 does not differ ionization produced in the chambers by the nuclear- 
in this case from the one shown in Fig. 2. active particles is independent of the location of 
In order for (Jj,./J3,4) to be equal to the chamber in the array, we deduce from Fig. 3 
(E70/ Ee-ph) it is necessary that rows I and II that the electron-photon component of the EAS in- 
of the array, which are under graphite, register creases the ionization in row I by 30 + 7.5%. There- 
only the electron-photon component generated by fore (Eqz0/Ee-ph) = (0.130 + 0.047) x (0.70 + 0.075) 
the nuclear-active particles in the array. How- = 0.091 + 0.031. 
ever, because the EAS have a definite angular dis- The nuclear-active particles can leave through 
tribution, part of the electron-photon component the side surfaces of the array and thereby reduce 
of the air shower will pass through the side sur- E70. By taking account of the angular distribution 
faces of the graphite absorber, multiply in the of the EAS, we can calculate the magnitude of this 
lead, and simulate the nuclear component in the effect. It decreases E,0 by 6 percent. We there- 
EAS. This effect will cause the summary ioniza- fore have finally E70/ Ee-ph = 0.097 + 0.036. 
tion recorded in all EAS in the outermost cham- Since the lateral distribution of the energy flux 
bers of rows I and II to be greater than that re- of the nuclear-active component is not broader 
corded in the central chambers of the array. than the lateral distribution of the energy flux of 
In order to estimate the contribution of the the electron-photon component of the shower, the 
electron-photon component of the EAS to the ioni- average (E70/Eg_ph) over the entire shower will 
zation registered by the chambers under the not exceed 0.097 + 0.036. 
graphite layer, we plotted the distribution, over A characteristic feature is that the value of 
the chambers of row I, of the summary ionization (E70/ Ee-ph) is determined to a considerable de- 
registered in all 284 EAS. gree by a small number of showers having a 
Table II 
Size of shower pee rae : hein tbe iy epee value of 
Js CARRE | EAN datceantaor! 
4.2-104—2.4-104 0.062+0.011 | 0.092+0.023 0,078+0.014 
2.4-104—6 - 104 0,202+0,046 | 0.182+0.041 0.191+0.034 
6-104—1 2-405 — = 0.178+0.068 
>1.2-108 _ | — 0,150-+0.046 
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nuclear-active component of anomalously high en- 
ergy. As can be seen from Fig. 2, E70/Eg—ph 
< 0.10 in 65 percent of the registered EAS. 

It should be noted that, within the limits of ex- 
perimental error, we observed no relation between 
the ratio (J, ./J3,4) and the value of J3 4, except 
in the smallest of the registered showers. 

The value of (J;,./J3,,) for different shower 
groups is listed in Table II. 

It is possible that the low value of (J4,2/d3,4) 
for showers with J34 < 2.4 x 104 was due to the 
apparatus effect, since the ionization chambers 
in the lower rows (I and II) had an ionization- 
registration threshold of 200 — 300 relativistic 
particles. If this is so, it is more correct to take 
for the average (J;./J3,,) the value correspond- 
ing to showers with J; 4 > 2.4 x 10‘, namely 0.186 
+ 0.027. Consequently, taking the foregoing correc- 


tions into account, we have in this case (E7z0/ Ee-ph) 


= (0.186 + 0.027) x (0.70 + 0.075) x 1.06 = 0.138 
+ 0.024. 


2. ‘“YOUNG’’ AIR SHOWERS 


a) Intensity and spectrum of ‘‘young’’ air show- 
ers. In 1900 hours of operation, the array regis- 
tered 52 ‘‘young’’ atmospheric showers (YAS), ™! 
which produced in rows III and IV an ionization 
J3,4 = 1.2 x 10‘ relativistic particles. We classi- 
fied showers as ‘‘young’’ if the bursts in rows III 
and IV were such that = 60% of all the ionization 
was produced in four or less chambers, i.e., ina 
circle of radius ~ 20 cm. Cases when the chamber 
with maximum ionization was on the edge of the 
array were excluded. This caused the area of the 
array effective in the registration of the ‘‘young’’ 
showers to decrease from 10 to 8 m*. With ac- 
count of this correction, the grin of the YAS 
is (0.95 + 0.13) x 107'° cm=? s 

The requirement J3 4 = 1.2 x ee is tantamount 
to stating that the energy of the electron-photon 
cascade in the YAS be not less than 2 x 10! ev. In 
all the YAS, the summary ionization in the third 
row of chambers was 1.5 or 2 times greater than 
the summary ionization in the fourth row. It fol- 
lows therefore that YAS are highly collimated 
streams of the electron-photon component con- 
tained in the high-energy photons and electrons. 

It is easy to show that the main part of the 
bursts in rows III and IV, which we attribute to 
the incidence of a narrow electron-photon shower 
from the air onto the array, cannot be simulated 
by electromagnetic interactions of high-energy 
muons in the lead absorbers of the array. 

In fact, the number of bursts due to muons in 
the third row of chambers should not exceed the 
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FIG. 4. Integral energy spectrum of YAS. Abscissas—sum- 
mary ionization in the third row of chambers, produced by the 
YAS (the second scale shows the energy of the electron-pho- 
ton component of the YAS), Ordinates—number of showers 
with Ee_ph (or J,) greater than a given value. 


number of bursts registered by the second row. 
The intensity of single bursts in the second row, 
with J, = 1.2 x10‘ (the muons cannot produce 
structural bursts) is 2 x 107!! cm™* sec}. It is 
obvious that not all single bursts are mise by 
muons. Some are produced also by single nuclear- 
active particles. But if all the single bursts in the 
second row are attributed to electromagnetic muon 
interactions, even then their fraction in the ‘‘young”’ 
air showers will be merely 20 percent. 

We have determined the energy of the electron- 
photon component of the YAS from the summary 
ionization in the third row of chambers. 

Figure 4 shows the integral distribution of YAS 
relative to the value of J3 (or Eg_ph, the energy 
of the electron-photon component of the YAS). This 
distribution can be approximated by a power law of 
the type N (=Jd3) = AJ3!; where y = 1.5+ 0.4. 

As can be seen from Fig. 4, several YAS with 
energy Eg_ph = 103 ev were recorded during the 
time of operation. Were the young electron-photon 
showers of such high energy to move further 
through the atmosphere (had they been observed 
not at sea level, but some 3000 — 4000 m above 
sea level), they would develop into a cascade with 
~ 10‘ particles at the maximum, i.e., they would 
develop into an ordinary extensive air shower. 

Thus, ‘‘young’’ air showers are the forerunners 
of extensive air showers with at least N ~ 104 
particles. 
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cascade units thick), the majority of the second- 
ary nuclear-active particles generated in the 
same act in which the electron-photon component 
of the YAS was generated should strike an array 
of the size we used. Since YAS involve cases 
wherein the energy transferred to the electron- 
photon component is large enough for an extensive 
air shower to develop upon passage of this com- 
ponent through the atmosphere, a study of the 
nuclear-active component in YAS can help answer 
the question raised above. 

We therefore examined, in 52 incidences of YAS 
with Ee-ph = 2 X 10’ ev, the ratio J1,o/J3 = E70/ 
Eyag, which characterizes the energy transferred 
by the neutral pions to the nuclear-active particles 
of the YAS in 60 g/ cm? of graphite, referred to the 
energy of the electron-photon component of the 
YAS. The distribution of J;,./J3 is shown in Fig. 5. 

This distribution calls for two clarifications. 
First, the interval 0 = Jj./J3,4 = 0.1 contains 24 
cases when J;,.=0. Second, a structural burst 
was observed in an overwhelming number of cases 
when Ji,. #0 (~70%), demonstrating the presence 
of several nuclear-active particles in the YAS. We 
can therefore state that the cases J;,.= 0 signify a 
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FIG. 5. Distribution of value of J,,,/J, in ‘“‘young’’ show- 
ers. Abscissas—J,,,/J,, ordinates—number of YAS with given 
value of J,,,/J;- 


b) Nuclear-active particles in ‘‘young”’ air 
showers. The role of nuclear-active particles in 
the development of extensive air showers deep in 
the atmosphere is difficult to assay, for a number 
of reasons. First, the point where the EAS is reg- 


istered is separated from the point where the 
shower is produced by a considerable layer of at- 
mosphere, in which the nuclear-active particles 
can, in principle, expend the greater part of their 
energy on the formation’ of the electron-photon 
component of the EAS. The low energy of the EAS 
nuclear-active component, found at the observa- 
tion level of a large fraction of the showers (see 


Fig. 2) cannot serve as a decisive argument against 


attributing a decisive role to the nuclear -active 
particles in the development of the EAS. Second, 
the appreciable development of the nuclear cas- 
cade within the layer of the atmosphere causes 
only a part of the nuclear-active particles con- 
tained in a given air shower to fall on an array 

of limited area. The natural fluctuations in the 
number and energy of the nuclear-active particles 
in a shower of given number of particles will be- 
come aggravated by fluctuations due to the small 
dimensions of the array used to register the 
nuclear-active particles. The most direct answer 
to this question could therefore be obtained by 
studying the nuclear -active particles in the acts 
of generation of extensive air showers. 

Inasmuch as ‘‘young’”’ air showers are cases 
wherein the electron-photon component is gener- 
ated directly above the array (calculations show 
that at sea level the effective layer within which 
YAS with Ee-ph ~ 10/2 ev are produced is three 


practically total lack of nuclear-active component 
in a ‘‘young’”’ air shower. 

The mean value (J;,2/J3,,) in all 52 YAS was 
0.11 + 0.03, i.e., its value is practically the same 
in YAS as in EAS with J, = 1.2 x 104. It is curi- 
ous that the distribution of the ratios J i,2/ J3 is 
practically the same in YAS as in EAS. 


3. DISCUSSION OF RESULTS 


The question of the fraction of the energy of 
nuclear-active particles in EAS is of great inter- 
est because of the role that nuclear-active par- 
ticles play in the development of EAS deep 
in the atmosphere. The energy of the nuclear- 
active particles contained in an EAS is usually 
(see, e.g.,°!) estimated by measuring the energy 
transferred to the neutral pions in a thick layer 
of light matter, and the mean summary energy 
En-a of the nuclear-active particles in the EAS 
is determined by assigning an arbitrary mean in- 
elasticity coefficient K ~ 0.3 to these nuclear- 
active particles. Whereas an inelasticity coeffi- 
cient K ~ 3 can be justified in the case of nucle- 
ons, (a low inelasticity coefficient was in fact 
obtained!®] for nucleons in the energy region 
~10!9 ev), this is not the case for the nuclear- 
active particles of an EAS. In fact, if it assumed 
that the electron-photon component of the shower 
deep in the atmosphere (in particular, at sea 
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level) is in equilibrium with the nuclear compo- 
nent and if it is assumed that the nucleons and 
mesons have different mean inelasticity coeffi- 
cients, K, and K, respectively, then the change 
in the summary energy flux due to the nucleon 
and pion components in the shower can be de- 
scribed by the following equations (neglecting 
the decay of the 7+ mesons): 


dE ldX i= — K oF nd L: (1) 
dEdX = — K,E, (X)(3L 4+ 2K,E,(X) 3b, (2) 


where En(X) and E7;(X) is the summary energy 
of the nucleon and meson components at a depth 
X g/cm? from the top of the atmosphere. 

From these equations it follows that: 

a) If K, = ¥; and K, = 1, then for a depth 1000 
g/cm? and an interaction range L = 70 g/cm? the 
nucleon energy flux will amount to 25 percent of 
the total energy flux of all the nuclear-active par- 
ticles. The contribution to the electron-photon 
component of an EAS in a thin layer of the atmos- 
phere, made by the nucleon component, will be 
one-ninth the contribution of the + mesons, i.e., 
the effective value of K will be close to 1. 

b) If Ky = K, = ¥;, then the nucleon energy flux 
at a depth 1000 g/cm? will in this case be merely 
5 percent of the total energy flux of the nuclear- 
active shower component. This case, however, is 
apparently impossible, for it corresponds to too 
small an absorption coefficient for the nuclear- 
active component, Uy, = (630 g/cm’)"!. This 
absorption coefficient does not correspond to the 
mean absorption coefficient of the particles in the 
shower, py = (200 g/cm*)~1,. Consequently, an 
effective value K ~ 0.3 can hardly be assumed 
for the nuclear-active particles with any justifi- 
cation. 

It seems to us that a more logical way to de- 
termine the energy of the nuclear-active particles 
in the EAS will be one in which the inelasticity co- 
efficient K is not stipulated a priori. 

From our data we can estimate the mean frac- 
tion of the energy of the nuclear-active component 
of an EAS in the following fashion: 

We know that the mean fraction of particles ab- 
sorbed in a shower (averaged over different show- 
ers with a given number of particles) has a value 
un = (200 g/em”)-! and is practically independent 
of the ‘‘power’’ of the shower N. 

If the independence of uy of the depth of the 
level of observation of the EAS in the atmosphere 
is attributed to the role of the nuclear-active com- 
ponent, then the absorption of the energy flux of 
this component will be determined by the range 
A = 1/un = 200 g/cm’. 


The fact that wy is independent of the number 
of particles N over a wide range of values of N 
indicates that the m-meson decay plays an insig- 
nificant role in the dissipation of the energy of the ~ 
nuclear-active component of the EAS in the atmos- 
phere. Consequently, the value of A is determined 
by the singularities of the nuclear-interaction proc- 
esses, and primarily by the transfer of energy to 
the neutral pions. Neglecting the decay of the a+ 
mesons, we can easily relate the energy E,0c(X), 
transferred to the neutral pions in a layer of 
graphite X g/cm? thick, to the energy flux Eh-a of 
the nuclear-active component of the EAS. 

We denote by Eq(X) and E,g(X) the energy 
fluxes of the nuclear active components under a 
layer of graphite and air of thickness X, respec- 
tively. Then 


Buel X) = By Bo) SERIE) 


— X/A : — X/A 
= Beg (ot wane = Fa (4 16 ) 


; (3) 


on the other hand, we can readily ascertain that 
under the same assumptions 


autor Ais et (4) 


Here O70 is the mean fraction of energy trans- 
ferred to the neutral pions by the nuclear-active 
particles of the EAS in one interaction. Comparing 
(3) and (4), we can readily note that Ol = WM es 
If we take for L and A the customary values 

L = 70 g/cm? and A = 200 g/cm”, we obtain a70 
~ 3, i.e., the effective inelasticity coefficient for 
nuclear-active particles of an EAS is K = 3a70 
wile 

' The ratio of the energy transferred to the neu- 
tral pions in a given layer of graphite to the en- 
ergy of the electron-photon component of the EAS, 


Ee-ph, is 
E_,. (X)/Ee-pn = (Ekn-a/Ee-pt) (1 — e-¥/A). (5) 
According to our data, we have for 60 g/cm? of 
graphite 
E-,c (60 g/cm*)/Ee-ph= 0.10 + 0,036 


and if A = 200 g/cm’, then Ey-g/Eg-ph = 0.40 
+ 0.14. 

On the other hand if we assume, with account 
of the remarks made earlier, that 


(Exc (60 g/cm?)/Ee-pn} = 0.138 + 0,024, 


then 
ea lEe-ph = 0.53 te 0.09. 
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The foregoing estimate of the ratio of the en- 
ergy of the nuclear-active particles to the energy 
of the electron-photon component of the shower 
yields a value some 2— 2.5 times smaller than 
previously obtained by some workers, ™! who as- 
sumed an inelasticity coefficient ~ 0.3 for the 
nuclear active particles in the EAS. 

This discrepancy signifies that the true inelas- 
ticity coefficient of the nuclear-active particles in 
an EAS is not 0.3, but at least 2.5 or 2 times 


greater, i.e., K = 0.75 — 0.6. 
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The mean energy of the Y*? beta-ray spectrum was measured calorimetrically and the value 


933 + 18 kev obtained. 


Vaious methods may be employed for an ex- 
perimental determination of the average energy 

of the beta spectrum, Eg. The calorimetric 
method, however, is at the present time the sim- 
plest and the most accurate. We measured calo- 
rimetrically the mean energy of the beta spectrum 
of Y°°, which is one of the isotopes most fre- 
quently used in radiometry and biology. The pro- 
cedure was similar to that employed previously. (4 

The Y” source was obtained by irradiating in a 
reactor 1—1.5 g of yttrium oxide. The initial ac- 
tivity was usually on the order of 300 — 500 mC. 
The heating effect was measured using a double 
static calorimeter with a sensitivity of ~ 2.5 x 107° 
watt/mm. Measurements were niade with four dif- 
ferent Y sources. For each of these, calorimet- 
ric measurements lasted from three to seven days. 
The individual experimental points fell properly 
on straight lines which correspond to a decay 
with a 64.9 hour period. This is consistent with 
recent data on the half-life of Y*® (64.8 + 0.2 
hours )] and is evidence of the purity of the 
sources; this was also controlled by measurements 
on a scintillation gamma spectrometer. Correc- 
tions were introduced into the calorimetric meas- 
urement results for the energy of internal brems- 
strahlung of the Y® absorbed in the calorimeter, 
and for the thermal inertia of the latter. ©! 

After the calorimetric measurements, all of the 
active yttrium was dissolved in weak nitric acid and 
the absolute activity of a known aliquot of the solu- 
tion was measured by a 47 counter. 

The mean energy of the Y®° beta-ray spectrum 
obtained when the results for all four sources were 
averaged was 933 + 18 kev. The noticeable dis- 
crepancy between this value and the quantity 
Ep(Y°’) = 895 + 35 kev obtained by Caswell“) using 
an extrapolation chamber may, it seems, be ex- 
plained by the reduced value of ionization energy 
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€ (€ = 32.5 ev) adopted by that author. If we re- 
compute Caswell’s results using the value of ¢€ 
currently applied (€ = 34.0 ev), "! we obtain the 
value 936 + 35 kev, which agrees well with our 
measurements. Values of Eg which we calculated 
on the basis of the shape of Y*’ beta spectra 
measured on the magnetic spectrograph by Yuasa 
and Braden!"J equal, respectively, 900 and 925 kev 
with an error of about 5%. 

The mean energy of the Y*” beta spectrum can 
also be compared with theoretical values of Eg for 
the unique, first-forbidden beta-transition (n = 1, 
AJ = 2, the wave function changes sign) with an 
energy of 2275 kev. Our experimental value is 
closest to the value of Eg computed using the form 
factors S = (Wy—W)*Ly + 9L,"*! (Eg = 928.8 kev) 
and S= (W*-1)+A(p) x (Wy) — W)?"9! (Eg = 929.2 
kev). The form factor S = (W?-1) + (Wy—W)?, 4% 
which does not take into account the influence of the 
Coulomb field of the nucleus on the emitted elec- 
tron, yields a somewhat higher value: Eg = 942.6 
kev. 

The authors thank Yu. S. Martynov for his par- 
ticipation in the measurements. 
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The angular distributions of neutrons inelastically scattered on C, N and S nuclei with ex- 
citation of the first excited states of these nuclei are measured. The results are in agree- 
ment with calculations according to the direct interaction model. 


Fixperiments on angular distributions for in- 
elastically scattered nucleons are of considerable 
interest in that they clarify the mechanism of re- 
actions. Thus, the first qualitative studies of the 
angular distributions of inelastically scattered 
14-Mev neutrons" were not consistent with the 
compound nucleus theory. The direct interaction 
model was in considerably better agreement with 
these experiments. 

Experiments involving inelastic scattering for 
individual nuclear excited states are especially 
interesting, since the results can be directly com- 
pared with various theories. 

In the present work a measurement was made 
of the angular distribution of inelastically scat- 
tered 14-Mev neutrons with excitation of the first 
excited states of the C?%, Ni, and S* nuclei. 

The neutron source was the reaction T(d,n) He’, 
which was produced in the low-voltage accelerator 
of the Physics Institute of the Ukrainian S.S.R. 
Academy of Sciences. The measurements were 
made in an annular geometry. The scatterers 
were in the form of toruses of diameter 200 and 
330 mm and cross-section diameter of 30 mm. 
For the measurements on nitrogen, a thin-walled 
copper container was employed whose double walls 
permitted the use of liquid nitrogen as the scat- 
terer. A scintillation spectrometer consisting of 
a photomultiplier (FEU-14-A), a stilbene crystal, 
and a 100-channel pulse-height analyzer (AI-100-1) 
(3), b/sr 


Fin 
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Q=— 4.44 Mev 


Q=— 2.24 Mev 


was used to detect the neutrons. The spectrometer 
had an energy resolution of 3%. A scintillation 
counter was also used for monitoring. 

In the experiment the spectra of scattered neu- 
trons, of the background, and of the incident neu- 
trons were measured for each angle. 

The ratio between the intensity of inelastically 
scattered neutrons for the first excited level to 
the intensity of the incident neutron beam was de- 
termined by analyzing the quantity 


M M 
Sa (> Nei Nye) B Nine. 


where Ngj, Nbi and Ninci are, respectively, the 
number of counts in the j-th channel ‘when meas- 
uring scattered neutrons, background neutrons, and 
the incident beam; M is the number of channels 
registering the spectrum. Corrections were in- 
troduced into S for the energy and angular sensi- . 
tivity of the detector and for attenuation of the neu- 
tron beam in the scatterer. The adjusted spectrum 
of S values allows us to determine the interaction 
cross section for groups of inelastically scattered 
neutrons separated by 1 Mev energy intervals. The 
energy of the levels is in good agreement with the 
results of other authors. "1 

The graphs represent the results of measuring 
the inelastic scattering cross section in which the 
first excited levels of eg N!4, and S®* nuclei have 


Angular distribution of inelastically 
scattered neutrons with excitation of the 
first excited state of the C'?, N“, and S* 
nuclei respectively. The solid curve rep- 
resents a calculation from direct interaction 
theory. 
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been excited. The results for carbon agree well 
with those of Anderson et al.“! The measurements 
on nitrogen and sulfur are performed for the first 
time. 

The angular distributions measured for carbon 
and sulfur were compared with calculations per- 
formed on the basis of direct interaction theory by 
Glendenning. “! In the case of sulfur, the compari- 
son was made with calculations for a nucleus with 
atomic weight of ~ 30 and the same first excited 
state characteristics as sulfur. 

The large cross section for forward scattering 
and the good agreement with theoretical curves 
computed on the basis of the direct-interaction 
hypothesis allow us to conclude that the excitation 


of the first levels of these nuclei by 14-Mev neu- 
trons is due to a direct interaction process. 


1T,, Rosen and L. Stewart, Phys. Rev. 99, 1052 
(1955). 

2B. S. Dzhelepov and L. K. Peker, Skhemy 
raspada radioaktivnykh yader (Decay Schemes of 
Radioactive Nuclei), AN UkrSSR, 1958. 

3 Anderson, Gardner, McClure, Nakada, and 
Wong, Phys. Rev. 111, 572 (1958). 

4N. K. Glendenning, Phys. Rev. 114, 1297 
(1959). 
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The cross sections for electron loss 04, and electron capture oj) by singly charged helium 
ions in single collisions in gases have been measured. The relative amounts of He°, He’, 
and He2* ions in beams of equilibrium composition traversing the gases have also been 
measured. The cross section for electron capture by doubly charged helium ions o,, and 
the cross section for electron loss by helium atoms 0 9; are estimated from the ratios of 
these components. The gas targets consisted of helium, nitrogen, argon, and krypton. The 
measurements were performed for ion energies between 200 and 1500 kev. 


1. INTRODUCTION 


AN number of studies have been devoted to charge- 
exchange processes involving helium atoms and 
ions in collisions with gas molecules. A summary 
of the basic experimental results is given in the 
review article of Allison.“! This review article 
gives the results of experimental investigations 

on the loss and capture of electrons by helium 

ions and atoms in collisions with molecules of 

Hy, No, O2, He, Ne, Ar, Kr, and Xe in the 0.2 — 200 
Kev interval and with molecules of H», He, and air 
up to an energy of 450 kev. The article also gives 
separate data for the charge exchange of a par- 
ticles in air obtained at high energies by Ruther- 
ford. 

Extension of the investigations in the direction 
of higher energies is of interest from the view- 
point of further development of the theory of 
atomic collisions. 

In the present article, we describe the results 
of measurements of the effective cross section for 
the loss and capture of an electron by helium ions 
and also the results of measurements of collisions 
between helium particle beams of equilibrium 
composition and H, and N», molecules and He, Ar, 
and Kr atoms in the 200 — 1500 kev interval. 


2, APPARATUS AND EXPERIMENTAL METHOD 


In this experiment, we used the arrangement 
employed by us earlier "*! for the measurement of 
the cross sections for the dissociation of molecu- 
lar ions of hydrogen. The method of measurement 
was basically the same. 


The primary beam of single charged helium 
ions produced by an electrostatic accelerator was 
separated by a mass monochromator and passed 
through the collision chamber. The He* and He’* 
components which were formed were separated by 
an electrostatic analyzer and entered Faraday 
cups. The currents were measured by EMU-3 
vacuum-tube electrometers. The intensity of the 
beam of neutral He® particles was recorded with 
a detector which measured the secondary electron 
emission current arising from the bombardment 
of copper foil by the fast helium atoms. 

The basic design of this detector is the same 
as that described by Stier, Barnett, and Evans. §1 
The detector was calibrated with an auxiliary de- 
tector consisting of a thin copper foil and a copper- 
constantan thermocouple mounted at the center of 
the foil (on the rear side). This foil too was bom- 
barded by the He? beam. Since the difference in 
temperature at the ends of the thermocouple did 
not exceed 0.1°C during the measurements, the 
thermal emf was proportional to the intensity of 
the beam of particles bombarding the foil. The 
size of the secondary electron emission current 
was measured with an EMU-3 vacuum-tube elec- 
trometer. 

The beam component currents were measured 
simultaneously, which made it possible to decrease 
the error caused by oscillations in the primary ion 
beam intensity. The measurements of the cross 
sections for electron capture oj and electron loss 
O42 by singly charged helium ions were made by 
the mass-spectrographic method. 

The cross sections were calculated from the 
formulas 
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where N°, N*, and N2* are the amounts of neutral 
atoms, singly charged ions, and doubly charged ions 
of helium in the beam traversing the collision cham- 
ber; n is the concentration of the gas atoms in the 
chamber; L is the effective length of the chamber; 
the subscript b indicates background. For each 
case, we plotted the ratio of the number of second- 
ary particles to the number of primary particles 
as a function of nL. We determined the cross sec- 
tions dy) and oy) from the linear part of these 
curves. 

In all cases, we checked the influence of the 
difference in the scattering of secondary and pri- 
mary beam particles by means of diaphragms at 
the exit channel of the collision chamber. Under 
the geometrical conditions of our experiment 
(beam diameter 2 mm and channel diameter 6.5 
mm), the scattering had no influence on the size 
of the measured cross sections, within the limits 
of experimental error. The cross sections 049 
and 04, were calculated as the mean of two or 
three independent measurements. The random 
errors of measurement did not exceed +12% for 
the cross sections oj and +18% for the cross 
sections 04). The primary ion beam energy was 
determined to an accuracy of + 2%. 

For the measurements of the equilibrium com- 
ponents of the beam, entrance and exit channels, 
each of diameter 2.5 mm and length 80 mm, were 
mounted in the collision chamber, which had an 
over-all length of 400 mm. The beam entered the 
collision chamber through a diaphragm 1.6 mm in 
diameter mounted in front of the entrance channel. 
The large diffusion resistances of the channels 
made it possible to use target thicknesses of about 
(3—5) x 10!” molecules per cm’. At each value of 
the primary ion beam energy, a check was made to 
establish whether the charge distribution of the 
beam had attained a stationary value. To do this, 
we investigated the dependence of the size of the 


- He®, He*, and He2* components of the beam on the 


gas pressure in the collision chamber close to the 
equilibrium composition. 

In the ion energy region studied by us, we could 
neglect the influence of the process of formation 
of negative helium ions“) and assume that the 
above-mentioned three components were present 
in the 200 to 500 — 700 kev energy interval and that 
effectively only two components, He” and He?*, 
were present in the 500 — 700 to 1500 kev interval, 


since at 500 — 700 kev the He? is already present 
in the beam in quantities no greater than 6% of the 
total number of particles, and its content drops 
very quickly with an increase in energy. If we also 
neglect the influence of the two-electron loss and 
capture processes, then we can estimate the elec- 
tron capture cross section 09, and electron loss 
cross section 0», from the following relations: (1) 


(3) 


where oj) and oy are the cross sections for elec- 

tron loss and capture by singly charged helium ions; 
Foo» Fico, and F,,. are the relative contents of the 

He’, He*, and He?* components in a beam of equi- 

librium composition. 

In.order to check whether differences in the 
scattering of the beam components affect their 
size, we changed the collision chamber channels. 

It turned out that, when the 6.5-mm diam channels 
were replaced by 2.5-mm diam channels, the ratios 
of the beam components remained unchanged with- 
in the limits of experimental error. The random 
errors in the measurement of the equilibrium 
composition were about +5% for the Fy. and Foe 
components and +11% for the Fj. component. 


Ger = 532 Fyc0/ Paco; 6o1 = S10 Fy00/ F 000; 


3. RESULTS OF MEASUREMENTS AND DISCUS- 
SION 


In this experiment, we measured the cross sec- 
tions for electron capture and loss by singly charged 
helium ions in collisions with Hj, No molecules and 
He, Ar, and Kr atoms. We used the following gases 
as targets: hydrogen admitted through a palladium 
filter, helium with impurities not exceeding 0.1%, 
nitrogen with 0.03% impurities, and argon and 
krypton with 0.1% impurities. 

The results of the measurements of equilibrium 
compositions in the helium beam are shown in the 
table. The equilibrium components of the helium 
beam in some gases have been measured and cal- 
culated by other authors in the 8- to 450-kev inter- 
val. The-data of the present experiment are in 
satisfactory agreement with the data calculated 
by Allison!) for hydrogen, helium, and air and 
with the measurements of Snitzer'*! in argon. 

At 200 kev, our data fit together with the data of 
Barnett and Stier" for hydrogen, helium, nitro- 
gen, and argon. 

Owing to the small cross sections for electron 
capture by He* and He?" ions, the neutral com- 
ponent of the beam Fo. did not attain equilibrium 
for the target thicknesses used at energies above 
800 — 1000 kev (above 600 kev in the case of hy- 
drogen and above 900 kev for the F,,, component). 
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PASE P00 Pico P 300 | F 900 eo P 900 | P00 Fico P 900 
Hydrogen Helium Nitrogen 
200 0.43 0.556 0.014 0.495 |0,485! 0,02 0.335 | 0.628) 0.037 
300 0.24 0.696 0.064 0.307 |0.637} 0:056 0.23 0,66) 0244 
400 O28 0%. 742 0.16 0.204 |0.666} 0.413 0.43 0.685 | 0.185 
500 0,07 0.67 0.26 0.425" | 067 0.205 0.086 |0.63 | 0,284 
600 0.045 |0.57 0.385 0.08 0.63 0.29 0.05 0.55 | 0.4 
700 (0.02) |0.43 0.55 0.06 0.58 0.36 0.03 0.47 On." 
800 (0.040) | 0.35 0.64 OL045et OS 525i eas 0.02 Over nOrer 
900 (0,006) | 0.264 OTS: (0.03) |0.47 On 0.012 |0.35 | 0.64 
41000 0,004) | (0.22) 0.776 0.02) |0,42 0.56 0.008 |0.3 0.700 
4100 | (0.0025) | (0.47) | 0.828 || (0.013) |0.37 | 0.647 |) (0.006) |0.224]0.77 
1200 | (0.0015) | (0.125) | 0.874 || (0.01) {0.34 | 0,68 |] (0.0037)|0.19 | 0.806 
4300 (0,0042) | (0,105) |} 0.894 0.007) | 0.26 0.733 (0.003) | 0.4165 | 0.832 
1400 (0.004) | (0.09) 0.909 (0.005) | 0.215 | 0.78 (0,002) | 0.145 0.853 
4500 — (0.07) 0.93 (0.0035) | 0.1487 | 0.84 = 0.123 | 0,877 
Argon Krypton 
200 0.36 0.645 0.025 5 |0.49 0.01 
300 0.19 Owe 0.09 258 |0.697| 0.045 
400 0.102 Ona 0.198 470 |0.725| 0.405 
500 0.056 0.604 | 0.34 09 0,68 0,23 
600 0.03 0.48 0.49 .05 0.55 0.4 
700 0.017 0.383 0.6 0.025 |0.46 0.545 
800 0.009 0.281 OTA O01 Deep as 0,635 
900. 0.006 0.224 0.77 0,04 0.266) 0.724 
4000 0.003 0.178 0.819 (0,006) |0.244) 0.78 
1100 (0,0023) | 0.146 0.852 (0,0045) | 0,18 0.815 
4200 (0.002) 0.119 0.879 (0,003) |0.162]) 0.835 
4300 (0,0015) | 0.099 0.9 (0,002) |0.415 0.848 
41400 (0:0012) | 0.084 0.915 (0.0016) |0,135) 0.863 
1500 (0,001) 0.073 0.926 (0.0014) }0.122| 0.877 


The corresponding values of Fo. and Fy. are 
therefore shown in parentheses in the table. 

The results of the measurements of the cross 
sections for electron loss oj. and electron cap- 
ture 049 as a function of the He* ion energy are 
shown in Figs. 1—5. Also shown in these figures 
are the values of the cross sections for electron 
capture and loss oy; and oo; calculated from for- 
mula (3). Wherever possible, we give for com- 
parison the data of Allison et al, who measured 
the corresponding cross sections in the 100 — 450- 
kev interval in hydrogen, helium, and air. Our 
values are in satisfactory agreement with their 
data. 
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FIG. 1. Cross section for electron loss and capture by 
helium ions in hydrogen. A — values of oj, from reference 1, 
A — values of o;, from reference 1; dotted curve — according 
to data of reference 7, 


As seen from the figures, the cross sections 
for electron loss oj) and 09; for all the gases 
studied by us increase with energy, attain a broad 
maximum, and then slowly decrease with a further 
increase in the energy of the He* ions. The cross 
sections for electron capture oj) and 0»; rapidly 
decrease monotonically with an increase in energy 
over the entire investigated interval. The values 
of the cross sections depend on the kind of target 
gas and increase with the atomic number of the 
target substance. 

Also shown in Fig. 1 are the values of the cross 
sections for electron capture by doubly charged 
helium ions in hydrogen as calculated by Schiff. § 
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FIG. 2. Cross section for electron loss and capture by 
helium ions in helium A — values of oj, from reference 1, 
A — values of o;, from reference 1; dotted curve — according 
to data of reference 7. 
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FIG. 3. Cross section for electron loss and capture by 
helium ions in nitrogen. A — data from reference 1 for oj, 
in air, A — data from reference 1 for oj, in air. 
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FIG. 4. Cross section for electron loss and capture by 
helium ions in argon.) 


0; cm? /atom 
10-8 


0 200 400 600 800 1000 1200 1400 1600 
E, kev 


FIG. 5. Cross section for electron loss and capture by 
helium ions in krypton. 


The theoretical and experimental curves in the 
400 — 900 kev interval are in good agreement. It 
should be kept in mind, however, that such close 
agreement can be more or less accidental, if 
only because the experimental values of 02; are 
given with a large error —this includes both the 
error of measurement of oj) and the error of 


measurement of the equilibrium components F;,, 
and Foc. 

Schiff ""] also calculated the cross sections for 
electron capture 04) by He” ions in helium by 
means of the Born approximation. The corre- 
sponding values of oy) are shown in Fig. 2 by the 
dotted curve. The theoretical curve systematic- 
ally lies 20 — 40% below the experimental curve; 
the difference between them increases with en- 
ergy. We note that this position of the theoretical 
curve with respect to the experimental curve of 
Fig. 2 was predicted by Schiff for ion velocities 
Vv >vVo (v)=4q?/ti), which occurs in this case. 

Since we measured the cross sections for ion 
velocities up to v ® 4vo, it is of interest to com- 
pare the data obtained in the velocity interval be- 
tween v ~ 3vp and v ~ 4vo with the qualitative 
results obtained by Bohr for oy, and 0; in the 
case of light ions atvelocities v > vo." 

Assuming that the nucleus and the electron of 
the target atom act independently on the ion, Bohr 
obtained the following expression for light atoms: 


012 ~ (vo/v)?. (4) 


For substances of larger atomic number (Z, = ZH), 
where the electrons and nucleus of the target atom 
do not act independently, 


O12 ~ Uo/v. (5) 


For electron capture by an a particle in the case 
of atoms that are not very light, Bohr obtained the 
expression 


G21 ~ (vo/v)°. (6) 


The experimental results do not strictly follow 
these functions of the ion velocity, but for H, and 
He the decrease in the cross sections for electron 
loss oj) takes place more rapidly than for Np», Ar, 
and Kr, which is in qualitative agreement with 
Bohr’s conclusions. 

The dependence of og»; on the ion velocity ob- 
tained in this experiment for Ny», Ar, and Kr dif- 
fers from expression (6) in the value of the expo- 
nent. The corresponding expressions can be writ- 
ten as follows: for nitrogen, 09; ~ (vo/v)**; for 
argon, 09, ~ (vo/v)*'; and for krypton, 09 
~ (vo/v)*". We note that Barnett and Reynolds (9) 
obtained similar results for hydrogen ion energies 
up to 1000 kev. For nitrogen, the exponent turned 
out to be ~ 6.5 and for argon 3.7. 

In conclusion, the authors consider it their duty 
to express their gratitude to Academician A. K. 
Val’ter for his interest in and attention to this 
work. 
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The angular distributions of 5.45-Mev protons elastically scattered by Zr®® and Zr*! nuclei 
were measured by the scintillation method. It is hardly possible that the great difference in 
the angular distribution curves can be explained only by the different threshold of the (p,n) 
reaction which competes with elastic pp scattering involving capture. 


A change in the form of the angular distribution 
curves for elastically scattered protons, as a re- 
sult of a change in mass number of the scattering 
nucleus by one or several units, shows up appre- 
ciably for energies of the bombarding protons be- 
low the Coulomb barrier. We have previously 
studied the angular distribution of elastically 
scattered protons by targets of separated iso- 
topes of nuclei of medium atomic weight with an 
initial proton energy (5.45 Mev) lower than the 
Coulomb barrier by 1.0—1.5 Mev.!?! In the 
present work we present results of an investiga- 
tion of the angular distribution of 5.45-Mev pro- 
tons from Zr*® and Zr*! targets, which are con- 
siderably heavier than nuclei previously studied 
(the values of the Coulomb barriers in Zr®® and 
Zr are equal, respectively, to 8.66 and 8.63 
Mev). 

A scattering chamber described by Fedchanko 
and Vanetsian!*) was used in this work. The scat- 
tered protons were detected by a CsI scintillation 
crystal and a FEU-S type photomultiplier with am- 
plitude resolution not worse than 5%. The geomet- 
rical conditions of the experiment made it possible 
to obtain an angular resolution with a precision of 
+2.5%. A current integrator 4 was used as moni- 
tor. Proton angular distribution curves can be 
measured reliably by this method. The inelastic- 
ally scattered protons are easily differentiated 
from those elastically scattered, since the ener- 
gies of the first levels of the Zr*® and Zr® nuclei 
are 1.77 and 1.21 Mev respectively!*) and the tar- 
gets were fairly thin: 3.5 and 2.2yu. These targets 
were produced by thermal dissociation [6] from 
‘‘raw material’’ with enrichment of 96.1 and 
79.5% respectively for the Zr®® and Zr*! targets. 
A molybdenum substrate was used to obtain the 
targets. An x-ray structure analysis carried out 
showed a (10 + 1) % molybdenum impurity for 
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The angular dependence of the ratio of the experimentally 
measured cross-section to the Rutherford cross-section for 
the nuclei Zr°° and Zr”. 


both targets. The contribution from scattering 
by molybdenum to the general scattering picture 
can, therefore, be considered the same. 

The figure shows the results of the investigation. 
One notices first the effect of large nuclear elastic 
scattering at large angles, regardless of the con- 
siderable Coulomb barrier. The angular depend- 
ences of the scattering for nuclei differing by only 
one neutron differ appreciably. The form of the 
angular distribution curves of protons elastically 
scattered by Zr*’ and Zr*! nuclei differ consid- 
erably from the form of the analogous curves for 
scattering by isotopes of nickel, cobalt and cop- 
per,“ which have a clearly marked diffraction 
character. However, the qualitative dependence 
of the form of the curves on whether the mass 
number is even or odd remains. "1 

It was noted earlier"’»®) that the influence of 
reactions proceeding through elastic and inelastic 
channels, with capture of the primary proton, 
shows on the form of the angular distribution 
curves of elastically scattered protons. If the 
energy of the primary protons is higher than its 
threshold, the (p,n) reaction can have a consid- 


26 GOLOVNYA, KLYUCHAREV, and SHILYAEV 


erable effect. As a result of the strong competi- 
tion of the (p,n) reaction, the emission of pro- 
tons produced by pp scattering with capture, is 
greatly reduced. In our case the energy of the 
primary protons is above the threshold of the 
(p,n) reaction for both zirconium nuclei (the 
threshold is 5.22 Mev for Zr®*® and 2.17 Mev for 
Zr), Consequently, the downward displacement 
of the curve of the ratio of the experimentally 
measured cross section to the Rutherford cross 
section for the Zr*! nucleus (compared with the 
curve for Zr*°), in the region of large angles, 
can be explained to some extent by the greater 
effectiveness of the (p,n) reaction for Zr! at 
the given proton energy, because of its lower 
threshold. In order to elucidate this problem 

it is necessary to measure the neutron emission 
cross section for the (p,n) reaction as well as 
studying the angular distribution of elastically 
scattered protons. 

The explanation of the different forms of the 
angular distribution curves for Zr®® and Zr*! 
only by the difference in the (p,n) reaction 
threshold, is not the unique possibility. The Zr” 
nucleus has a completely filled neutron shell, 
while the Zr*! nucleus has one neutron in addition 
to the filled shell. From the point of view of the 
shell model, there are anomalously small level 
densities near the nuclear magic numbers and, 
as a result, a small proton capture cross: section. 
The probability of processes which take place 
with the capture of protons is therefore reduced. 
Related to this, the contribution from (p,p) proc- 
esses, with the formation of a compound nucleus, 
to the general elastic scattering balance may turn 
out not as great as for nuclei in the region Z 
= 24-30. 


We have carried out preliminary studies of the 
angular distribution of elastically scattered pro- 
tons for the Zr*® nucleus. As would be expected 
for a nucleus ‘‘overloaded’’ with neutrons, the 
form of the curve of the ratio of the experimen- 
tally measured cross. section to the Rutherford 
cross section as a function of angle hardly differs 
from the form of the analogous curve for the Zr 
nucleus. However, the data obtained for Zr®® re- 
quire further confirmation. 
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CHARGE DISTRIBUTION OF FRAGMENTS IN NUCLEAR DISINTEGRATIONS 


— 


P. A. GORICHEV, O. V. LOZHKIN, and N. A. PERFILOV 
Radium Institute, Academy of Sciences, U.S.S.R. 
Submitted to JETP editor January 24, 1961 
J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 35-37 (July, 1961) 
The charge distributions of fragments with Z = 4-—8 produced in the disintegration of Ag 
and Br nuclei by 9-Bev protons, are investigated. The analysis is carried out for small and 
large energy transfers to the nucleus, for various directions of emission of the fragments, 
and for cases involving the emission of two or more fragments in a single disintegration. 


The fragment charge distributions are found to be practically the same in all indicated 
cases. A discussion of the obtained data is presented. 


i= charge distribution of spallation products of incoming particle, or the multiplicity of the reac- 


Ag and Br has been investigated for different tion. This interest is due to the known dependence 
bombarding energies in a number of papers.!!-§] on the bombarding energy of these characteristics 
A comparison of the obtained results reveals the of the spallation process. Such an investigation 
absence of any marked dependence of the charge was undertaken with 9-Bev protons. At this en- 
distributions on the energy of the incoming par- ergy the spallation cross section is relatively 


ticles. This result seems to be surprising since a large (100 mb), which allows one to accumulate 
number of quantities characterizing the spallation a sufficiently large body of data to perform a sta- 


process (cross sections, multiplicities, angular tistically significant analysis. 

distributions, and others) are known to depend on The charge of the fragments was determined 

the energy of the incoming particle. by measuring the total area of their tracks in 

In this connection it is of interest to investigate | P-9ch emulsion. This was done on a special semi- 

directly the charge distribution of the fragments automatic optical photometric setup. The distribu- 

for a given energy of the incoming particles but tion of track areas was determined for each kind 
_ for different conditions of the outgoing particles. of disintegration (see Table I). The distributions 
_ Such conditions of interest are the magnitude of of fragments with a charge of more than 3 were 

the energy transfer to the nucleus, or the direc- compared by means of two methods: (a) the method 
tion of the outgoing particles with respect to the of statistical verification of hypotheses (calcula- 


Table I. Results of the comparison of the distribution of the 
fragments in different disintegrations 
according to total track area. 


Value of the prob- 
ability p from the 
comparison of two 
distributions*** 


Number of | Mean value 
analyzed of the total 


h istics of the 
Suarectert eit fragments track area* 


disintegrations 


| Run I |Run IT} Run I/Run II} RunI Run II 


Total number at light <42) | 159 102. }.0,.60° "4.46 Ae Hs 

charged particles in . 

the disintegration** Le 134 90 Gs 60 4 48 

Numb f f ts N 1 262 209 | 0.60 | 1.47 : 
Sabo ain tha ae 2 | 142 | 187 | 0.60 | 4.45 | 9-48 0.8 
disintegration ° 

Emission direction of the | Np =1 St es no sabe fa - Ha 
fragments with respect a 2 
to the incoming protons | 7 s9 <90°| 112 95 0.63 | 1.49 ts 0.4 

f=“s90°| 63 | 54 | 0.61 | 1.46 


*The mean values of the total track area of the fragments is given in arbitrary units 
for track lengths > 16 p in Run I and > 38 yp for Run II. 
**Only for disintegrations with one fragment. : th 
*#*p is the probability that the difference between two observations due to statistics 


is not smaller than the observed difference. 
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Table II. Charge distribution of the fragments in the 
different disintegrations. 


Characteristics of the Numberjiof tragnient= 
disintegrations* 
Be | B | © N Z>8 
hes te 76 24 4 2 0 
ee WA 68 ne ts) 4 0) 
Ng =| forward 102 34 11 4 0 
backward 42 12 2 2 O 
total 144 46 13 6 0) 
: forward 67 29 14 4 4 
Np, >2 Backward 45 17 n 0 0 
total 112 46 15 1 4 


*N¢ is the number of fragments, and n is the number of the other charged particles in 


the disintegration. 


tion of x?) and (b) comparison of the mean value 
of the track area in the distributions. Both meth- 
ods showed that the distributions of track area, 
and thus the distributions of charge of the frag- 
ments, were practically indistinguishable for the 
following cases: 

(1) for disintegrations which differ in the energy 
transfer to the recoiling nucleus from the incoming 
particle; 

(2) for disintegrations which differ in the num- 
ber of fragments; 

(3) for disintegrations in which the fragments 
are emitted forward or backward relatively to the 
incoming particle. 

In Table II are given the charge distributions of 


the fragment from the different disintegration types. 


It must be mentioned that the above conclusions 
relate only to fragments within the range of the 
charge between 4 and around 8 and only to those 
which have an emission energy of = 2 Mev per 
nucleon. At present one cannot say anything defi- 
nite about the distribution of fragments with lower 
energy or with higher charge. However, it should 
be kept in mind that their relative contribution to 


the spallation process is not large, about 7%. There- 


fore the obtained results can be of more general 
importance and could be of significance for the 
understanding of certain aspects of the mechanism 
of production of higher charge fragments in the 
nuclear spallation process. 

First, it becomes clear why the form of the 
charge distribution of the fragments does not 
change as a function of the energy of the incoming 
particles. 


This situation could obtain if the relative proba- 
bilities of the production of fragments with differ- 
ent charge is independent of such factors as the 
temperature of the nucleus, and the angular and 
energy distribution of the cascade nucleons in the 
development of the cascade within the nucleus. The 
given results indicate that this apparently actually 
is true. 

Secondly, inthe given rangeitis unlikely that, as 
has been sometimes assumed, there exist several 
mechanisms (like, e.g., knock-on, evaporation, 
fission) each of which contributes a definite frac- 
tion to the total spallation cross section. To the 
contrary, the production of fragments evidently 
takes place by means of only one mechanism, in- 


dependently of the energy of the incoming particle. 
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The total cross sections for interactions of K* and 7* mesons with protons were measured. 
The following values were obtained: 21.3 + 4.6 mb and 21 + 4.3 mb for 4.75 + 0.15 Bev/c and 
3.7 + 0.1 Bev/c K* mesons, respectively; the corresponding values for 7* mesons of the 
same momenta were 33.3 + 1.3 mb and 30 + 1.2 mb. Data on the cross sections for inelastic 
collisions of K* and 7* mesons with various nuclei have also been obtained. 


Sonic to bevatron measurements, " the 
total cross section for interactions between K* 
mesons and protons attains a maximum of ~ 19 mb 
at a K*-meson momentum of ~ 1.2 Bev/c and then 
drops to 13 mb at 2.4 Bev/c. In this connection, it 
is important to obtain data on the total cross sec- 
tions for interactions between K* mesons and hy- 
drogen at higher energies. 

We carried out two series of measurements 
with the proton synchrotron of the High Energy 
Laboratory of the Joint Institute for Nuclear Re- 
search. The momentum of the particles bombard- 
ing a target-absorber was 4.75 + 0.15 Bev/c in 
one case and 3.7 + 0.1 Bev/c in the other. A dia- 


gram of the experimental layout is shown in Fig. 1. 


As the source of K* mesons and other positive 
_ particles, we used a beryllium plate 20 x 2x 4 cm 
bombarded by protons accelerated to ~ 10 Bev in 
the first series and to ~ 8 Bev in the second. 

The K* and 7* mesons of given momentum 
were deflected by the magnetic field of the proton 
synchrotron by an angle of ~ 18° relative to the 
primary proton direction. They passed through 
_two quadrupole magnetic lenses focusing the par- 
ticles in the vertical plane and defocusing them 


FIG. 1. Experimental layout: M—target; R—scat- 
terer; H—magnet; L—magnetic lens; S—scintilla- 
tion counters of diameter 9 cm (S,), 6 cm (S,), 14.5 
cm (S,), 16 and 30 cm (S,); Y and P— Cerenkov 
counters. 


in the horizontal plane. After undergoing another 
deflection of ~ 8°, the particles passed through a 
system of scintillation and Cerenkov counters. "1 
The signals from the scintillator and Cerenkov 
radiator of each counter were picked up by a 
single photomultiplier tube (FEU-33 or FEU-24) 
and the pulses were applied to the electronic cir- 
cuit. The basic block diagram of the electronic 
equipment used to measure the total cross section 
for interactions between K* mesons and hydrogen 
is shown in Fig. 2. This figure also shows the 
path of the signal from the photomultiplier, through 
the branching circuit, to the input of ‘‘fast’’ coin- 
cidence and anticoincidence circuits (tT ~ 5 x 107° 
sec). The K* mesons were separated and re- 
corded by two scintillation counters S, and S, 
and two gas Cerenkov counters Y, and Y, set to 
record K* mesons of a given momentum; these 
counters were connected in anticoincidence with a 


threshold gas Cerenkov counter P, which recorded 
m* and uw* mesons. In the separated K* meson 
beam (K* mesons constituted ~ 1% of all positive 
beam particles), 7* and u* mesons, positrons 

and random coincidences totaled no more than 
0.5% of the K* mesons. 
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FIG. 2. Block diagram of the electronic equipment: A — 
four-channel coincidence circuit (t ~ 5 x 10~* sec) with two 
anticoincidence channels; B, C, D—four- channel coincidence 
circuits (t = 5 x 10° sec); CC —two-channel coincidence 
circuits (t ~ 5 x 107” sec); DC —discriminators; CF — cathode 
followers; SC —scaler circuits. The path of the signal from 
the FEU photomultiplier to the coincidence circuits is shown 
on the left: UR-— amplifier with a mean amplification factor 
of 18 and bandwidth of 180 Mc; CB —clipper-branching circuit. 


The m* mesons were separated by a threshold 
gas Cerenkov counter in coincidence with S, and 
S,. The u*-meson and positron contamination in 
the m*-meson beam was (3 + 1)% and < 0.1%, 
respectively. 

Liquid hydrogen (2.13 g/cm”) in a foamed 
polysterene container was used as the target- 
absorber R in the experiments with hydrogen. In 
this case, the particles scattered out of the beam 
were measured at angles @ > 2.3° (in the labora- 
tory system), where 6 =tan7!(r/p); r is the ra- 
dius of counter S, and p is the distance between 
S3; and the center of the target. 

In order to find the total interaction cross sec- 
tion, it is also necessary to take into account the 
particles scattered by angles <2.3°. To do this 
at 3.7 Bev/c, we used a ring counter S, located 
1.9 m from the center of the target (see Fig. 1). 
The ring counter was connected in coincidence 
with counters S;, S,, Yy, Y) and with S;, S., Yj, 
Y>, S3 in the measurements of K* mesons scat- 
tered out of the beam and with counters S,, S», P 
and S;, S,, P, S3 in the case of m* mesons (see 
Fig. 2). 

Assuming an isotropic distribution (for small 
angles) for the secondary particles not recorded 
simultaneously by S83 and Sy but recorded only 
by Sy, and knowing the probabilities that the sec- 
ondary particles pass through only counter S; 
and (owing to the multiplicity) simultaneously 
through both counters Sy and S83, we found the 
cross-section correction Ao (<2.3°) for proc- 
esses in which at least one secondary particle 
traverses counter 83. We call this cross section 
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FIG. 3. Total cross sections for the interaction between 
K+ mesons and hydrogen as a function of the Kt momentum 
(in the laboratory system): O — present experiment, e—data 
fromfJA — data from! 


correction the ‘‘forward-scattering’’ correction. 
This correction was 0.3 + 0.3 mb for K* mesons 
and 3 + 0.3 mb for 7* mesons (of momentum 3.7 
Bev/c). 

The total cross sections for the interaction of 
K* mesons with hydrogen corrected for forward 
scattering were 21 + 4.3 mb and 21.3 + 4.6 mb at 
3.7 and 4.75 Bev/c, respectively. For m* mesons, 
the corresponding values of the cross sections, 
corrected for forward scattering and the u*-meson 
contamination of the beam were 30 + 1.2 and 33.3 
+ 1.3 mb. Here we used the same forward scatter- 
ing correction at 4.75 Bev/c as at 3.7 Bev/c. 

The values of the total cross sections for the 
interaction between 7* mesons and hydrogen are 
in agreement with the results obtained by Longo 
et al J for 7* mesons of momentum up to 4 
Bev/c. 

The basic results of the present experiment 
were reported by I. V. Chuvilo at the 1960 Roch- 
ester Conference,“ at which data obtained at 
CERN on the total cross sections for the inter- 
action between K* mesons and hydrogen at ap- 
proximately the same energy were also reported. ©! 
Figure 3 shows the data on the total cross sections 
for the interaction of K* mesons with hydrogen ob- 
tained at the bevatron, “! at CERN, ©! and in the 
present experiment. As seen from the figure, the 
total cross section rises appreciably in the inter- 
val 2.4—3.5 Bev/c. Such a behavior of the cross 
section seems understandable if it is assumed that 
some resonance or threshold effects, for example, 
the production of K-meson pairs, occurs in this 
momentum region. Using the data obtained with 
the ring counters, we can draw some qualitative 
conclusions on the angular distribution of the sec- 
ondary particles (to 5° in the laboratory system ) 
in the interaction of K* and 7* mesons with pro- 
tons. For K* mesons, the probability density is 
less, and depends more weakly on the angle than 
for ™* mesons of the same momentum (3.7 Bev/c). 

Until now, data have been entirely lacking on 
the absorption cross sections (i.e., inelastic 
cross sections) of 7* and K* mesons by nuclei 


— 
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in the 3—5 Bev/c region. We measured the 

cross sections for the absorption of m™* mesons 

by C, Al, Cu, Sn, and Pb nuclei and for K* mesons 
by C, Al, and Cu nuclei at 4.75 + 0.15 Bev/c. The 
results are shown in the table. 


Absorption cross section, mb 


Nucleus 
7+ mesons K+ mesons 
Gi ‘hoya cami! S23) 136-£ 21 
Al S44eEs 1S Boece So) 
Cu 689+ 33 430 + 120 
Sn 1241 + 190 — 
Pb 1912 = 161 — 


In the experiment, we used absorbers of the 
following thicknesses: carbon — 21.15 g/cm”, 
aluminum — 24.45 g/cm?, copper — 13.30 g/cm”, 
tin — 8.80 g/cm”, and lead — 11.30 g/cm”. Since 
the counter S3 was seen from the center of the 
target-absorber at an angle of 3°, the absorption 
cross sections in the table have been corrected 
for Coulomb and diffraction scattering at angles 
= 3° and for inelastic scattering at angles <3°. 
In the case of 7* mesons, we also introduced 
corrections for the u* meson contamination of 
the beam. 
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aid in the work. We express our gratitude to 
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ence on High Energy Physics in Rochester. We 
consider it our pleasant duty to express our grati- 
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Submitted to JETP editor January 21, 1961 
J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 42-48 (July, 1961) 
A spectroscopic investigation is carried out of the plasma glow in the ‘‘Beta’’ installation 
(under various experimental conditions) and a study is made of the time dependence of the 


line intensities due to ions of different degrees of ionization. The results are interpreted 
on the basis of corresponding variations in the electron temperature of the plasma. 


INTRODUCTION eter of the external shell 250 mm, working pressure 
of hydrogen (3—5) x 10-? mm Hg, maximum en- 
‘Tae installation ‘‘Beta’’ belongs to the class of ergy stored in capacitors 22 kilojoules, duration of 
toroidal chambers with a weak magnetic field, such the discharge 670 usec, intensity of the longitudinal 
as ‘‘Alpha’’ and ‘‘Zeta.’’ In contrast to the other magnetic field 200 — 1100 oe, maximum discharge 
two installations a considerably higher current current with 1.5 kv initially applied 120 kamp, max- 
density is produced in ‘‘Beta.’’ imum current density evaluated for the total cross 
It was of interest to carry out a spectroscopic section of the discharge chamber 400 amp/cm?, 
investigation of the radiation from the discharge maximum conductivity of the discharge evaluated 
and, first of all, to study the variation with time for the total cross section of the chamber (at a 
of the intensity of the lines due to ions of differ- longitudinal magnetic field intensity of 640 oe) 
ent degrees of ionization (oxygen, fluorine, car- 4x 10! cgs esu. 
bon and others) as the conditions of the discharge The light was observed through a quartz window 
were varied. situated parallel to the plane of the large cross 
As an interesting feature of the discharge we section of the discharge chamber. By means of a 
note that observation of the time dependence of system of mirrors light from the same portion of 
the total radiation from the discharge by means the discharge was made to fall on the entrance 
of a photoelectric element with a ‘‘uviol’’ window slits of two monochromators ZMR-2 (Fig. 2), and 
(for the range 2200 —6000A) has shown that the this permitted simultaneous observation of the 
intensity of the light passes through a minimum time dependence of the intensities of two different 
at the instant when the current reaches its maxi- spectral lines. 
mum (Fig. 1). At the exit of each monochromator there was 


placed an FEU-18 photomultiplier, signals from 
which were applied to the input of two identical 
amplifiers of the OK-24MKB oscillograph. 


Discharge chamber - 


FIG. 1. Time dependence of the intensity of the spectro- 
scopically unanalyzed light (in.the range 2200-6000 A) (top) 
and of the magnitude of the discharge current (bottom), 


DESCRIPTION OF THE EXPERIMENT 


The installation ‘‘Beta’’ has the following pa- 
rameters: principal diameter of the toroid 750 mm, FIG. 2. Optical block diagram of the experimental arrange- 
diameter of the discharge chamber 210 mm, diam- ___ ment. 
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Each photomultiplier had its own independent 
VS-9 rectifier. The photomultipliers and the con- 
necting lines were carefully screened from all 
possible induction effects associated with the 
powerful gas discharge. The current in the dis- 
charge was measured by means of a Rogowski 
belt, the signal from which was integrated and 
applied to the input of an OK-17M oscillograph. 

The voltage was measured by means of a turn 
of wire situated on the discharge chamber paral- 
lel to its axis. The voltage signal was applied to 
the second input of the OK-17M oscillograph. 


EXPERIMENTAL RESULTS 


1. Time dependence of the intensity of the spec- 
tral lines. Displays were obtained of the time de- 
pendence of the intensity of the spectral lines of 
oxygen, fluorine, nitrogen, carbon and helium. 

The wavelengths, the spectroscopic notations for 
all the lines, and the energies of the upper levels 
are shown in the table. 


Energy of 
Line a, A Transition the upper 
level, ev 
OV 2784 35°S;—3p?P2 81 
a 9 0 
OIV 3063 37S 1 j9—3°P 3/9 48 
OIll 3047 38°P3}—dp*P2 37 
FV | 2707 | 3s*P7,—3p*Dg)o 81 
FIV | 2826 358 P3—3 p®Ds3 56 
FIII 2994 |) 3s” 6S Jo—3p” ®P ae 53 
NV_ | 4945 62G—72H? 91 
NIV | 3485 3°S,—33P? 50 
CIll 4650 3°S,—37Pt 32 
Hell | 4685 3°D—4F Odi 


The oscillograms exhibit the following phenom- 
ena: 

1. The glow due to the ions of different degrees 
of ionization begins after different lapses of time 
from the beginning of the discharge: lines due to 
ions of higher degree of ionization (OV, FV) ap- 
pear later than lines due to ions of lower degrees 
of ionization (OIII, FIII). 

2. All the observed lines have a minimum inten- 
sity in the neighborhood of the maximum of the 
discharge current. The width and depth of this 
‘‘dip’’ in the intensity depends on the degree of 
ionization of the emitting ion. 

3. In contrast to the lines due to OIII and OIV, 
which have well defined intensity maxima at the 
beginning and at the end of the discharge, the line 
due to OV has a weakly pronounced second maxi- 
mum at the end of the discharge, and sometimes 


the line due to OV does not get excited at all at 
the end of the discharge. 

4. The time dependence of the intensities of the 
lines due to NV, NIV, CIII in its general behavior 
agrees with the time dependence of the lines due 
to OIII, OIV, FIII and FIV. 

2. Effect of the initial conditions of the dis- 
charge. An investigation of the effect on the time 
dependence of the intensity of the spectral lines 
of the initial conditions of the discharge has shown 
that the appearance of the ‘‘dip’’ in the intensity 
of the lines is very sensitive to the variation of 
such parameters as the initial pressure, the dis- 
charge current and the initial longitudinal mag- 
netic field. 

It was established by means of preliminary ex- 
periments that the resistance of the plasma also 
depends on the variation of these three param- 
eters, and it is possible to select such values of 
these parameters as to make the conductivity of 
the plasma a maximum. The corresponding val- 
ues of the pressure p, of the maximum discharge 
current Imax and of the longitudinal magnetic 
field Hz have been chosen by us for the operating 
values and in future shall be referred to as ‘‘op- 
timum”’ values [p = (3.5—4.5) x 107°? mm Hg, 
Imax = 120 kamp; H, = 640 oe]. 

It was found that a deviation of the longitudinal 
magnetic field from its optimum value by 150 — 200 
oe in either direction leads to a change in the form 
of the time dependence of the intensity: to a diminu- 
tion and even to a complete disappearance of the 
‘‘dip’’ and to the appearance of strong fluctuations 
of intensity. 

The same applies to the variation in initial 
pressure. The range of pressures for which a 
‘‘dip’’ in the intensity of light is observed is 
(3.5—4.5) x 107? mm Hg. Outside this range a 
gradual smearing of the minimum is observed, 
accompanied by considerable fluctuations in the 
intensity of the glow. 

The form of the time dependence of the lines 
due to OIII and OV for different values of the dis- 
charge current is shown in Fig. 3 (the longitudi- 
nal magnetic field and the pressure have been 
chosen equal to their optimum values ). 

It can be seen from the figure that a decrease 
in the discharge current leads to a decrease in 
the depth of the intensity minimum and to a com- 
plete disappearance of the minimum. We should 
particularly note the cases when a small dip in 
the intensity of the line due to OIII was observed 
while there was no such dip (Fig. 3d) in the line 
due to OV. 
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FIG. 3. Time dependence of the intensities of the OIII lines (upper trace) and OV lines (lower trace) for different values of 
the maximum discharge current: a—Imaxy = 120 kamp, b—95 kamp, c—75 kamp, d—65 kamp, e —50 kamp. 


If we assume that the decrease in the intensity 
of the lines in the sequence from OII to OIV and 
OV is due to the transition of all the ions into a 
state of higher degree of excitation, then we can 
say that in the case of Fig. 3d we are observing 
by means of the line from OII the transition of 
the ion O** into O***, while the ion O**** (the 
line OV) does not have time to become ionized. 

The oscillograms which give the dependence 
of the current on the voltage, and which were ob- 


tained under optimum conditions for the discharge, 


exhibit the well-known displacement (shift) of 
the current curve with respect to the voltage 
curve. This shift, as well as the dip in the light 
intensity, depends on the initial conditions of the 
discharge. But, the range of variation in the ini- 
tial conditions within which the dip in the light 
intensity is preserved is considerably narrower 
than the range of variation in conditions within 
which the shift is preserved. For example, the 
values of the initial pressure, for which a dip in 
intensity is observed, lie within the range (3.5 
—4.5) x 10-? mm Hg, while a shift is observed 
within the pressure range (1—6) x 107? mm Hg. 
Apparently, the dip in the intensity of the light is 
avery sensitive parameter characterizing the 
discharge. 


3. Effect of impurities. The investigations 
which we have carried out on the effect of helium 
and argon impurities introduced into the dis- 
charge gave the following results: 

1. The discharge in the presence of a 50% ad- 
dition of He, and also in pure He, practically 
does not differ from the discharge in pure hydro- 
gen. A dip in the light intensity is observed under 
optimum conditions of the discharge. 

2. On the other hand, the discharge in the pres- 
ence of an Ar impurity differs sharply from the 
‘‘oure’’ discharge. Numerous sparkovers occur 
in the discharge chamber and as a result of this 
the pressure increases, and both the shift of the 
current with respect to the voltage mentioned 
earlier and the dip in the light intensity disappear. 

The lines are excited only during the first half 
of the discharge, the time of emission of the OIII 
line does not exceed 200 usec. 


DISCUSSION OF RESULTS 


At least two explanations are possible for the 
existence of the dip in the time dependence of the 
intensity of the lines. 

As the electron temperature of the plasma in- 
creases the degree of ionization is increased and 
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transitions occur, for example, OIII — OIV — OV 
— OVI etc. Naturally, in this case the lines due 
to all ions of lower degree of ionization will ex- 
hibit a dip in intensity. 

On the other hand, owing to instabilities arising 
in the discharge the plasma can touch the walls and 
in this way become cooled. This leads to a fall in 
the electron temperature and, correspondingly, 
also to a dip in the light intensity. 

The weakness of the second explanation is im- 
mediately apparent. After the appearance of the 
instability and the cooling of the plasma at the 
moment of the maximum of the discharge current 
it is not very probable that the plasma will have 
time to be heated again towards the end of the dis- 
charge. And yet towards the end of the discharge 
all the observed lives due to OIII, OIV, FIII, FIV, 
NIV, and sometimes even OV exhibits a second 
light intensity maximum. Moreover, experiment 
shows that at sufficiently low currents the dip in 
the intensity disappears and this, in accordance 
with the second explanation, ought to indicate an 
increase in the stability of the discharge. 

But experiment shows that at such low currents 
the radiation from the discharge becomes unstable, 
the reproducibility from discharge to discharge is 
strongly reduced, i.e., the discharge becomes less 
stable. 

Both these circumstances support the first as- 
sumption. Indeed, the presence of the second in- 
tensity maximum at the end of the discharge de- 
notes that as the plasma cools and its electron 
temperature falls a deionization process occurs 
in accordance with OVI — OV — OIV — OIII etc. 

The dependence of the depth of the ‘‘dip’’ on the 
value of the discharge current shows that as the 
current decreases the electron temperature of the 
plasma falls, and in agreement with this the dip in 
the intensity decreases and disappears completely. 

Apparently, we can assume that the reason for 
the appearance of the dip in the light intensity is 
an increase in the electron temperature of the 
plasma at the instant when the current is maxi- 
mum. If we adopt this hypothesis, then from the 
time dependence of the intensity of the lines due 
to ions of different degrees of ionization we can 
attempt to evaluate the time dependence of the 
electron temperature and its maximum value. 

Unfortunately, we could not investigate the in- 
tensity of the OVI line situated in the vacuum re- 
gion of the spectrum. By utilizing data obtained 
only from the OIII, OIV, OV lines we can evaluate 
the time dependence of the electron temperature 
at the beginning and at the end of the discharge 


and its lower limit at the instant when the current 
is maximum. 

As is well known, in the case of plasma of not 
excessively low density the main processes lead- 
ing to the ionization of atoms are collisions with 
electrons. The inverse process of deionization 
also occurs in binary collisions with electrons 
(the probability of a triple collision is negligibly 
small at an electron density of ~10'4 cm~3) and 
is accompanied by radiation (photorecombination ). 

In the steady state, the number of both kinds of 
effective collisions must be the same. 

If we denote by Sj the ionization cross section, 
and by a; the photorecombination cross section, 
then the ratio of the densities of ions of degrees 
of ionization i+1 and i will be given by: 


Njs4/N = <S; U>/Ka2410'>, 


where v and v’ are respectively the velocities of 
the ionizing and the recombining electrons, while 
the brackets denote the averaging of the cross sec- 
tions over the electron velocity distribution. If the 
velocities have a Maxwellian distribution, then the 
ratio nj,,/nj is a function of the electron temper- 
ature Te. 

Ions are also excited in collisions with elec- 
trons, and deexcitation occurs by radiation as a 
result of low particle density. In such a case the 
intensity of a spectral line is given by 


ea nstexS* OD: 


Here ne is the electron density, nj is the density 

of the emitting ions, (S*v) is the excitation cross 
section averaged over the electron velocity distri- 
bution. The constant Ij includes all the numerical 

coefficients. 

We have utilized the values of the cross sec- 
tions Sj; and aj averaged over the Maxwellian 
velocity distribution given in McWhirter’s paper. (1) 
We have assumed the value of S* to be equal to Sj 
at a potential equal to the excitation potential of 
the line under consideration. The last assumption 
will not lead to any appreciable error since we 
need only the relative values of the cross sections. 

We have calculated the dependence of the rela- 
tive intensities of the oxygen and fluorine lines on 
the electron temperature on the assumption that 
the total number of oxygen and fluorine atoms does 
not change in the course of the discharge. The re- 
sults of the calculation using oxygen lines are 
shown in Fig. 4. 

By utilizing the time dependence of the inten- 
sity of the OIII, OV, FIII, FIV, FV lines obtained 
by us we have measured the time intervals from 
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FIG. 4. Calculated dependence of the relative intensities 
of the OIII, OI1V, OV, and OVI lines on the electron tempera- 
ture of the plasma (wavelength of the OVI line is equal to 
1036 A). 


the instant of the beginning of the discharge to the 
instant when the first maximum of the lines is at- 
tained; to the instant when the intensity of these 
lines is equal to 20% of maximum intensity; to the 
instant when the same intensity is attained after 
the dip; and, finally, to the instant when the second 
maximum in the intensity is attained. The meas- 
ured time intervals were averaged over three or 
four oscillograms. Each such point can be as- 
signed a corresponding value of the electron tem- 
perature. 

The time dependence of the electron tempera- 
ture obtained in this manner for three different 
values of the discharge current is shown in Fig. 5. 
In making the transition from the variation of the 
line intensity with time to the variation of electron 
temperature we have not taken into account the 
change in the electron density after the lines have 
reached the first intensity maximm. Since by the 
time the current maximum is reached a simulta- 
neous pinching of the discharge can occur, the 
electron density can increase by a factor of sev- 
eral fold during a time from 100 to 200 usec after 
the beginning of the discharge. This must mean 
that the intensity attains not 20% of the maximum 
value, but an appreciably lower value, i.e., the 
electron temperature attains even greater values 
than shown in the figure. 

The difference in the values of the electron 
temperature obtained from lines corresponding 
to different degrees of ionization is apparently 
associated with the fact that the discharge is ob- 
served over the whole cross section so that on the 
radiation coming from the hot central region con- 
sisting of light supplied by the ‘‘hot’?? OV and FV 
lines there is superimposed radiation coming from 
the colder external layers where the light is sup- 
plied by the OIII, FIV, FIII, etc lines. The exist- 
ence of such stratification of the plasma has been 
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FIG. 5. Time dependence of the electron temperature for 
different values of the maximum discharge current determined 
from different lines: 0 — OV, e — OIll, o— FV, A — FIV, 

x — FIII. 


established by Kaufman”! using the ‘‘Sceptre’’ 
apparatus. 

As is shown in Fig. 5, corresponding to the 
greatest value of the discharge current (Imax 
= 120 kamp) the electron temperature attains a 
value not less than 25 — 30 ev after a lapse of 
time of 200 usec after the beginning of the dis- 
charge. During the next 100 usec the current con- 
tinues to increase, and this can lead to a further 
increase in the electron temperature. After the 
current has passed through its maximum the elec- 
tron temperature probably also begins to decrease 
and attains the value of 25 — 30 ev again after a 
time interval of 370 — 400 usec after the beginning 
of the discharge, while after a lapse of 500 usec 
it falls to a value ~ 10 ev. 

At a discharge current of 75 kamp the electron 
temperature attains a value of 25 — 30 ev after a 
lapse of 300 usec after the beginning of the dis- 
charge, and this high value of the electron tem- 
perature is apparently preserved only during 50 
usec. At a current of 50 kamp the maximum elec- 
tron temperature does not exceed 14 ev. 

It should be noted that in the first two cases 
when the OV line exhibits a dip in intensity the 
value of the electron temperature determined 
from the decrease in intensity gives a lower limit 
for the electron temperature. In the last case 
when there is no dip in the OV line the value of 
14 ev is the upper limit on the electron tempera- 
ture. 
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The electron temperature of the plasma can 
be estimated by utilizing the value of the plasma 
conductivity o. For o =4 x 10'4 cgs esu we ob- 
tain Te ~ 10—15 ev. However, this value is with- 
out any doubt too low since the conductivity has 
been evaluated corresponding to the whole cross 
section of the discharge chamber. If we take 
pinching into account Te can be increased by a 
factor of several fold. 

Very recently communications have appeared 
in the literature on the observation of a ‘‘dip’’ in 
the time dependence of the intensities of spectral 
lines in installations where ‘‘slow’’ processes oc- 
cur. In the ‘‘Alpha’’ installation two maxima in 
the intensity of the NIV line are observed corre- 
sponding to the greatest value of the capacitor 
bank voltage. "4] In the case of the ‘‘Tokamak”’ 
installation only the first intensity peak is ob- 
served"! for the CIII line, \ = 4651A. 

In these two cases, apparently, we have the 
same mechanism as that described earlier. 

In the same way Breton and Herman "] attempt 
to explain the time dependence of line intensities 
in the TA-2000 installation. However, judging by 
the figure given in their paper, the intensity of 
the CIII line goes through a minimum twice during 
one half period of the current, and at the instant 
when the current reaches its maximum they ob- 
serve not a minimum, but a second intensity max- 
imum, and this is followed by a third one at the 
end of the half period of the current. It is doubt- 
ful that such a variation of intensity can be asso- 
ciated with a variation of the electron temperature 
of the plasma, it is more likely that it is due to 
some kind of instabilities of the discharge. 

A similar dip in light intensity was observed !*J 
in the ‘‘Scylla’’ installation, where at the instant 
when the current reached its maximum a peak in 
the intensity of the OVII line was observed and a 
dip in the intensity of the OVI line. The authors 
working with ‘‘Scylla’’ explain such a time depend- 
ence of the line intensity by an increase in the 
electron temperature of the plasma and by a tran- 
sition of all the O** ions into the O** state. 


CONCLUSIONS 


1. Spectroscopic measurements show that the 
intensity of radiation from a plasma in the range 
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2200 — 6000A obtained in a toroidal discharge in 
a weak magnetic field passes through a minimum 
at the instant when the discharge current passes 
through a maximum. 

2. The electron temperature of the plasma at- 
tains a value of not less than 30 ev for a maximum 
discharge current of 120 kamp. Such a value of 
the temperature persists for approximately 100 
psec. 

3. The rate of growth of the temperature and 
its maximum value depend on the value of the dis- 
charge current. At a current of 50 kamp the elec- 
tron temperature of the plasma does not exceed 
14 ev at the time of maximum current. 

4. For an exact determination of the maximum 
electron temperature under optimum conditions 
of the discharge it is necessary to investigate the 
time dependence of the intensities of the OVI, FVI, 
and, if possible, of the OVII lines. 
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Academician I. K. Kikoin and Prof. S. L. Mandel’- 
shtam for valuable comments and for their con- 
tinuing interest in this work, and also to V. V. 
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discussion of the results. 
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J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 49-51 (July, 1961) 


The angular distribution of 10 —15 Mev a particles elastically scattered by gold and alumi- 
num has been studied. The differential cross-sections for scattering of a particles by gold 
obey the Rutherford formula for angles between 10 and 140°. The angular distribution of a 
particles elastically scattered by aluminum is characterized by the presence of maxima 


and minima. 


A study of the departures of the experimental 
cross sections for elastic scattering of a par- 
ticles from the cross sections calculated by the 
Rutherford formula, makes it possible to obtain 
information on the radius and potential of the nu- 
clear interaction of a particles. For this purpose 
the angular distributions of a particles with en- 
ergies 20 —43 Mev, scattered elastically by light 
and heavy nuclei, have been studied in detail. [1-6] 
The angular distribution of a@ particles with en- 
ergies 8 — 20 Mev, elastically scattered by nuclei, 
has been insufficiently studied. In the present 
work measurements have been carried out on the 
angular distribution of 10 —15 Mev a particles 
scattered by gold and aluminum nuclei. 

The experiments were made with the cyclotron 
of the Physico-Technical Institute of the Academy 
of Sciences. The target —a thin gold or aluminum 
foil —was placed in the center of the 500 mm di- 
ameter brass chamber. Ya-2 photographic plates, 
with emulsion 100 yu thick, were placed around the 
target at equal distances and at equal angles of in- 
clination to the axis of the collimated beams of 
scattered a particles. 
containing the plates were covered with 3.9 u thick 
aluminum foil. Irradiation of the plates was car- 
ried out in several doses, and the ranges of angles 
10 — 30, 30—50, 50 — 90 and 90 — 140° were cov- 
ered consecutively. The overlap of angles in the 
ranges chosen made it possible to have ‘‘coupling 
plates,’’ which provided a check on the readings 
of the monitor (Faraday cup with integrating cir- 
cuit). The a-particle tracks with fixed (corre- 
sponding to calculation) values of range were 
counted with an MBI-2 microscope. 

The energy of the primary a particle beam 
was determined from the range-energy curves in 
aluminum and in the photographic emulsion, for a 
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particles scattered by gold, and for the protons 
from the reaction Al?" (a,p) si®’, In the latter 
case the Q values were used, determined by the 
magnetic analysis method!" for transitions to 
the ground state and to the first, second and third 
excited states of Si®”, 

The experimental scattering cross section in 
the center-of-mass system (for an angle ®, »_) 
was determined by using the formula 


N(M\1ab ie 


sin? ( 
a el Nab 
NyG 


Sexpt— lab sift? gm. COS (8125 — Ye.m.); 
where N7(@jgp) is the number of a-particle 
tracks traversing a fixed area of plate examined 
at a given angle @jgp (laboratory system), ng 

is the number of a particles falling on the target, 
determined from the charge in the Faraday cup, 
ny is the number of nuclei referred to 1 cm? of 
target, and G is a coefficient determined by the 
geometrical conditions of the experiment. 

The angular distribution of 10.4, 13.6, and 14.7 
Mev a particles, elastically scattered by a 0.25 
mg/cm’ thick gold foil was studied by the method 
described. It was established that the differential 
cross section for scattering of a particles by 
gold satisfies the Rutherford formula in the range 
of angles 10— 140°. The result holds generally 
for all a-particle energies studied here. The ab- 
solute values of the cross sections were deter- 
mined with an error not exceeding 15%. 

The elastic scattering of a particles by alumi- 
num was studied for energies of 10.4 and 13.6 Mev 
in the primary beam (corresponding to a-particle 
energies in the c.m. system of 9.05 and 11.9 Mev). 
The target was 0.13 mg/cm? thick aluminum foil. 

The points in the figure represent the ratio of 
the experimental cross sections for elastic scat- 
tering to the cross sections calculated by the 
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Rutherford formula. Apart from the statistical 
and geometrical errors of the experiment, errors 
related to incomplete separation of the groups of 
elastically and inelastically scattered a@ particles 
are also taken into account. For scattering at 
small angles the geometrical errors are dominant. 
while for scattering at large angles (@¢ m. > 90°) 
the errors connected with separation of the inelas- 
tically scattered q@ particles are dominant. 

It follows from the figure that the ratio expt / 
TRuth is less than unity, and for @¢.m, > 30° a 
non-monotonic variation of angular distribution 
of the @ particles is observed. Since the inves- 
tigation was carried out with an angular interval 
of 5°, some details of the distribution could have 
passed unnoticed. 

The results obtained are in qualitative agree- 
ment with the data on the distribution of elastic- 
ally scattered a particles of energy 20 —43 
Mey "*-®] py aluminum. The difference consists 
in the maxima of this distribution being less pro- 
nounced for energies 10 —14 Mev. If we proceed 
from the analogy between elastic scattering and 
the diffraction of light, "*] then we should expect 
the relative position of the maxima in the distri- 
bution of elastically scattered a particles to 
obey the relation 


Angular distribution of a particles, elastically 
scattered by aluminum: a — for Egc,m, = 11.9 Mey, 
b for | Deer = 9.05 Mev. 


k RA (sin 3) =F 
where k is the a-particle wave-vector, R the 
interaction radius and © the scattering angle 
(c.m. system). For Ege m, = 11.9 Mev the 
mean distance between the maxima is 0.19 (ona 
sin @/2 scale). This corresponds to an interac- 
tion radius R=5.9x10 “cm. 
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Cases of quasielastic 7 n-scattering into the back hemisphere in the laboratory system of 
coordinates were looked for in a 17-liter freon chamber. The cross section for this proc- 
ess evaluated per F nucleus has turned out to be < 0.1 mb. Recalculated for free nucleons 
the total cross section for the elastic 7 n-scattering process is less than 0.02 mb in the 
range of angles 140 — 180° in the center-of-mass system. Comparison of this result with 
theoretical estimates of the contribution to the scattering of the diagram with one virtual 
nucleon indicates that it is compensated by more complicated diagrams. 


INTRODUCTION 


Euastic scattering of 7 mesons by nucleons 
can be regarded as the result of simpler proc- 
esses: of scattering by virtual (or K) mesons 
in the ‘‘meson cloud’’ associated with the nucleon, 
of scattering by the nucleon ‘‘core’’ and, finally, 
as a result of penetration deep into the ‘‘core.”’ 
For the process of elastic scattering of ™*-mesons 
by protons this may be written in the form ofa 
symbolic equation for Feynman diagrams (Fig. 1). 
Diagrams 1 and 2 lead to forward scattering 
for incident mesons of high energy. I. Ya. Pomer- 
anchuk has noted a characteristic feature of the 
behavior of diagram 3 which, in contrast to dia- 
grams of the form 1 or 2, should give at high en- 
ergies a nonvanishing contribution to the back scat- 
tering of * mesons. In the case of the scattering 
of m mesons by protons diagram 3 cannot occur 
in virtue of the law of conservation of charge. The 
analogous diagram of Fig. 2 with one virtual nu- 
cleon yields forward scattering at high energies. 
The angular distribution of 7* mesons arising as 
a result of scattering described by diagram 3 has 
a maximum near 180° in the center-of-mass sys- 
tem (c.m.s.) with the width of the angular distribu- 
tion being ~ M/E, where M is the nucleon mass 
and E is the energy of the incident meson in the 
c.m.s. An estimate of the cross section for the 
process with one virtual nucleon made by I. Ya. 
Pomeranchuk suggests the value do/d&( 180°) 
~ gk/4m? = 0.5 mb. Here h=c=1, g=14 is 
the meson-nucleon interaction constant, while 
k ~ ¥,) is an undetermined coefficient associated 
with the renormalization of the vertex parts and 
of the propagator in diagram 3. However, the 


FIG. 1 


contribution of diagram 3 can be compensated by 
the diagrams of the form 4, 5 etc. if they play a 
significant role in the scattering process. 


EXPERIMENTAL ARRANGEMENT 


At the present time there are no experimental 
data on the differential cross sections for the scat- 
tering of high-energy (several Bev) 7* mesons by 
hydrogen. However, 7*p scattering is identical 
with mn scattering, data on which can be obtained 
if from the process of the interaction of mesons 
with nuclei we separate out the quasielastic mn 
scattering. On the other hand, a differential cross 
section for mn scattering in the backward direc- 
tion ~ 0.5 mb/sr corresponding to an angular dis- 
tribution of half-width 30 — 60° in the c.m.s. for 
incident mesons of energy of the order of several 
Bev leads to a total cross section ~ 1 mb. 

A process with such a relatively large cross 
section can be studied well in a bubble chamber. 
Therefore, we have examined stereo-photographs 
obtained in the case of the interaction with matter 
of a beam of mt mesons of momentum 2.8 Bev/c 
in a 17-liter freon bubble chamber “ 50 cm long. 
The momentum spread of the beam is given by 
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ELASTIC BACK SCATTERING OF 2.8-Bev/c t~ MESONS ON NEUTRONS 


Ap/p = 10%. The working freon mixture (CF;Cl 
and CF,Cl,) contains sufficiently light nuclei 
(the average atomic weight.corresponds to a 
fluorine nucleus) and at the same time has a suf- 
ficiently high density (1.12 g/cm®) and a suffi- 
ciently low value of the characteristic avalanche 
length (21.5 cm). This latter circumstance is 
particularly important, since the main background 
process has turned out to be the process involv- 
ing the creation of 7° mesons which were effec- 
tively recorded in the freon chamber by means of 
the decay y quanta. 

An incident meson momentum of 2.8 Bev/c in 
the laboratory system (l.s.) corresponds to a 
momentum of 1.05 Bev/c in the c.m.s. of the col- 
liding meson and nucleon. Consequently, a suffi- 
ciently broad distribution of ™ mesons emerging 
in the backward direction ought to be observed. In 
the course of our work cases of scattering into the 


back hemisphere were recorded which corresponded 


in the c.m.s. to scattering in the angular interval 


140— 180°. The elastically back-scattered mesons 


must have momenta between 390 and 680 Mev/c 
and ranges greater than the length of the chamber. 

The chamber was operated without a magnetic 
field. However, this is not particularly significant, 
since identification of elastic scattering by means 
of the correlation between the angle of scattering 
and the momentum of the 7 meson is in any case 
made difficult by the following circumstances: the 
relatively small change in the meson momentum 
as the scattering angle change from 90 to 180° in 
the l.s.; the 10% uncertainty in the momenta of the 
mesons in the beam; the uncertainty arising due to 
the Fermi motion of the nucleons in the target nu- 
cleus. 


EXPERIMENTAL RESULTS 


Three or four independent observers have ex- 
amined ~ 2500 frames. These frames had re- 
corded 36,000 meson traversals which gave rise 
to ~ 11,000 interactions with the working volume 
of the chamber, and this corresponds to a cross 
section of ~ 300 mb per average nucleus of the 
working mixture (F). Altogether there were re- 
corded 14 single-prong events with one relativ- 


istic particle of momentum greater than 200 Mev/c 


emerging into the back hemisphere in the l.s. We 
have rejected the cases when the track ended in 
the chamber and when the ionization was twice 
the relativistic ionization. The efficiency of re- 
cording such events in the course of scanning the 
film is of the order of unity. 

In ten of the recorded cases electron-positron 
pairs produced by the conversion of y quanta ap- 
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peared to radiate from the point of interaction (in 
one case there were four pairs, in two cases there 
were two pairs, and in seven cases there was one 
pair). It is natural to assume that the observed 
events are the result of an interaction involving 
the emission from a nucleus of one charged meson 
in the backward direction and of one or several 1° 
mesons. The efficiency of recording a y quantum 
within the chamber varies within the range from 
0.6 to 0.23 depending on the spot at which the 
quantum was formed and on the scattering angle. 
There exists a certain probability of failing to re- 
cord the 7° mesons produced. This probability 
varies from ~ 10 to ~ 40%, depending on the angu- 
lar distributions and on the multiplicity of produc- 
tion of 7? mesons. Thus, events which are not 
accompanied by electron-positron pairs can also 
be included among the cases of multiple meson 
production. It is also possible that one of four 
cases is due to the reaction with the creation of 
a K° meson and its subsequent decay into two 7 
mesons, since in the chamber not far from the 
point of interaction there have been found three 
pairs radiating from a single point which is not 
associated with other interactions. 

If, nevertheless, we assume that these four 
events are due to the elastic scattering of m™ me- 
sons in the backward direction by the quasi-free 
neutrons in the nuclei, then the upper limit for 
the total cross section for scattering into the back 
hemisphere in the l.s. is Oy < 0.1 mb per fluorine 
nucleus. 
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DISCUSSION OF RESULTS 


On the basis of the experimental data obtained 
it is possible to make an estimate of the cross 
section for the process of elastic scattering of 7 
mesons by a free neutron giving o < 0.1/nn mb 
~ 0.02 mb, where n = 10 is the number of neutrons 
in the fluorine nucleus, while 7 ~ 0.5 is a coeffi- 
cient which takes into account the screening of 
nucleons in nuclei. 

The choice of the value 7 ~ 0.5 may be justi- 
fied in the following manner. Earlier Ballam et 
al"2] studied the elastic mn cross section at an 
energy of 460 Mev in a propane bubble chamber. 

A comparison was made of the angular distributions 
of m mesons scattered by neutrons contained in a 
carbon nucleus, and of 7* mesons elastically scat- 
tered by hydrogen. It was shown that the data 
agreed well among themselves if we assume 7 

= 0.55. The F nucleus is somewhat heavier than 

a C nucleus, so that one might expect that the 
coefficient 7 is smaller, but does not differ ap- 
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preciably from the value of 7 for C. An estimate 
made on the basis of data on small angle quasi- 
elastic scattering of 2.8 Bev/c m mesons by 
neutrons contained in the nuclei of which freon is 
composed shows that 7 = 0.5. Since the coeffi- 
cient 7n is practically constant as the meson en- 
ergy changes by almost an order of magnitude, it 
may be supposed that 7 will also not change in 
the case of back-scattering of mesons. Estimates 
of n made on the basis of the optical model also 
suggest a value ~ 0.5. 

Thus, the cross section for back-scattering of 
m™~-mesons by neutrons is smaller by more than 
an order of magnitude than the value estimated by 
means of diagram 3. 

Moreover, as_.I. Ya. Pomeranchuk has noted, it 
is less than the value mx?/4m = 0.1 mb (X= 1.9 
x 107'4 cm is the 7-meson wavelength in the 
c.m.s.) which, generally speaking, should be ex- 
pected for the contribution of just the S wave to 
the total cross section of elastic 1N-scattering 
(in the present case independently of the sign of 
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the meson charge) in the angular range studied 
(approximately 1 steradian in the c.m.s.). This 


‘means that the phases corresponding to low values 


of Z are small, or else are such that the corre- 
sponding terms interfere and mutually cancel. The 
latter remark should be interpreted as an indica- 
tion of the necessity for obtaining experimental 
data over a wider angular interval and with greater 
statistical accuracy rather than as a final result. 
We express our deep gratitude to I. Ya. Pomer- 
anchuk for suggesting the problem and for many 
discussions, and also to V. P. Rumyantseva and 
M. U. Khodakova for scanning photographs. 


1 Blinov, Lomanov, Meshkovskii, Shalamov, 
and Shebanov, PTE (Instruments and Experimen- 
tal Technique) 1, 35 (1958). 

2Ballam, Hang, Scanreet, and Walker, Nuovo 
cimento 14, 240 (1959). 
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The scattering of 1— 5 Bev/c muons in 2-cm thick lead plates was studied in a cloud cham- 
ber. The experimental results are in good agreement with the multiple scattering theory of 
Cooper and Rainwater, in which the finite size of the nucleus is taken into account. 


1. INTRODUCTION 


Durie the last eight to ten years many studies 
of high-energy muon scattering have been pub- 
lished. Interest was aroused by the fact that the 
great majority of these investigations indicated 
the existence of so-called anomalous scattering. 
Large-angle muon scattering exceeded the pre- 
dictions of electromagnetic theory. The results 
of many papers on interactions between muons and 
various substances have been collected in reference 1. 
All data for high-energy (p = 1 Bev/c) muon 
scattering, with the exception of the new data, "J 
point to the existence of anomalies. 

In the present work we studied the scattering 
of muons with momenta ranging from 1 to 5 
Bev/c in five 2-cm lead plates inside of a cloud 
chamber. The experimental angular distribution 
was compared with theoretical integral curves 
of multiple scattering by a point-charge nucleus 
(Moliére’s theory)! as well as with the theory 
of Cooper and Rainwater“! for an extended nu- 
cleus. The experimental results are found to be 
in good agreement with the latter theory after 
plural and single scattering are excluded and the 
so-called noise effect (errors in angle measure- 
ments and track distortions) is taken into account. 
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2. EXPERIMENTAL TECHNIQUE 


FIG. 1. Arrangement of apparatus (two views), 
The principal units of our apparatus (Fig. 1) 


were a large SP-29 electromagnet, a GK-7 hodo- Aluminum counters with the dimensions 0.830 cm 
scope system, and a cloud chamber. (trays I, Il, and II containing 13 counters each) 
Three sets of coordinated counters (1, 2, and were placed directly above or below the coordi- 
3), each consisting of two trays, were placed par- nated counters and perpendicular to the latter. 
, allel to the field in the 100 30x14 cm pole gap of These counters, with ~ 200 wall thickness, 
the electromagnet. The counter diameter was served to trace particle trajectories in a plane 
_ 0.46 cm; the working region was 12 cm long. The perpendicular to the field, as was required for 


counter cathodes were aluminum tubes with ~ 150, ‘the selection of the individual tracks whose mo- 
_ walls. Each set comprised 83 coordinated counters. menta were to be determined. 
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FIG. 2. Integral distribution in the dimensionless variable 
x. Ordinates represent the number of instances in which x is 
greater than the indicated value. Theoretical curves: 1 —rep- 
resenting theory of Cooper and Rainwater; 2 — representing 
theory of Moliére. 

Pulses produced by triple coincidences in 
counters A, B, and C were fed simultaneously to 
the hodoscope and to the cloud chamber control. 
The cloud chamber containing the five plates 
each 2 cm thick, was placed under the electromag- 
net gap. The chamber was side-illuminated by two 
pulsed lamps, and a mirror forming an angle of 
45° with the bottom of the chamber was used in 
photographing. A 1700 g/cm? lead layer above the 
magnet gap excluded electrons, protons, and 
pions, thus permitting the registration of muons 
alone. 

Momenta were determined from the conven- 
tional formula pc = 300Hp, where H is the mag- 
netic field strength (10000 oe in our experiment), 
and p is the track radius of curvature. Errors in 
measuring momenta of 1, 3, and 5 Bev/c were 2.5, 
5, and 11%, respectively. 

The photographed angles of scattering in the 
lead plates were measured with a UIM-21 micro- 
scope; the errors did not exceed 40’. 


3. EXPERIMENTAL RESULTS AND DISCUSSION 


We investigated 1134 muon scattering events in 
lead, with momenta in the range 1— 5 Bev/c. Our 
results were compared with the integral curves 
for multiple Coulomb scattering by both point"! 
and extended"! nuclei. The data were compared 
with the theory of Cooper and Rainwater, ™! but 
not with Olbert’s theory, “) because the latter 
overestimates greatly the effect of an extended 
nucleus, whereas Cooper and Rainwater use a 
nuclear form factor based upon Hofstadter’s well- 
known experiments §*) on fast electron scattering 
by nuclei. 
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FIG. 3. Distribution of rms scattering angles on 200 tracks. 
The dashed and solid histograms were plotted for two groups 
of tracks selected at random. The theoretical curve was plot- 
ted for n= 3 and o; = 0.5°. 


The theory employs the variable 
x= 9/V Bye, 


which is proportional to the product of the scatter- 
ing angle by pv; VB Xc is the characteristic angle 
in the theory of multiple Coulomb scattering. For 
a complete comparison of theory with experiment 
it is therefore desirable to determine experimen- 
tally the momentum of each scattered particle. In 
the great majority of experiments on muon scat- 
tering the momentum of each particle was not 
measured and multiple scattering curves were 
plotted for the momentum spectrum. Our data 
afford an advantage in this respect. 

Our results are shown in Fig. 2. The experi- 
mental points represent 1134 muon traversals of 
a 2-cm lead plate. The theoretical curves repre- 


foe) 
sent integrals of the form 2 ft (a)da. The ad- 
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vantage of plotting scattering curves in the vari- 
able x lies in the fact that scattering data can be 
combined for different energies, different plate 
thicknesses, and even for different substances. 
Integral curves for particles with a momentum 
spectrum S(p) are customarily plotted accord- 
ing to the formula 


oo Dez co 

\ F (9, p)do\ S(p) dp = (p2 — pr) V Bre (Po) S(p0) \ f(x) dx, 
© Pi X(Po) 
where Pp», and p,; are the boundary values of the 
momenta, with p; = Pp = Pz, where py is the 
‘average’? momentum. Arushanov™! has ob- 
tained different expressions in the form of series 
for the integral when f(x) is given by Moliére’s 
theory. 
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In treating the experimental results it is nec- 
essary to keep in mind the so-called noise effect, 
which has various causes. One particular cause 
can be distortion (such as that resulting from 
track diffusion or turbulent eddies associated 
with the operation of the cloud chamber ), which 
leads to uncertainty of the scattering angle meas- 
urements. It is especially difficult to measure the 
projections of scattering angles in the first and 
last plates of the chamber, and we have not in- 
cluded the data obtained from these plates. 

We have followed the procedure of McDiarmid ™ 
for the purpose of excluding plural and single scat- 
tering, which cause large scattering angles. We 
also followed McDiarmid in taking account of the 
noise effect. Figure 3 shows histograms of the 
rms scattering angle distribution for 200 tracks 
selected at random. Increased dispersion of the 
distribution as a result of the noise effect is asso- 
ciated with a diminishing true value of x: 


| ae Camara ELE | SRLS) 
Xx) 1 + 297/By2, 


where o? is the variance of spurious scattering 
(noise), and n is the number of plates. 

Figure 2 shows that our results are in good 
agreement, within the limits of experimental ac- 
curacy, with Cooper and Rainwater’s theory, but 
that the experimental values lie below the Moliére 
curve. 

It should be noted that experiments with 6 rays 
ejected by muons, “8 underground detection of muon 
pairs, ®] experiments with u-mesic atoms," and 
muon pair production by y rays!!! all confirm the 


purely electromagnetic character of the muon- 
nucleon interaction. 

The authors wish to thank R. Kamaletdinov and 
A. A. Yuldashev for the uninterrupted operation of 
the electronic equipment. We are also indebted to 
A. I. Alikhanov and G. B. Zhdanov for reading of 
the manuscript. 
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A threshold detector was employed to measure the yield of fast photoneutrons (E, = 11 Mev) 
produced by y quanta with energies up to 85 Mev on Cc! and Al?" nuclei. The experimental 
results indicate the predominance of a single-particle mechanism of fast photoneutron pro- 
duction (in which only one fast neutron is emitted from the nucleus ). 


Measurements of the yield of fast photoneu- 
trons (> 11 Mev) from Cc? and Al?’ were carried 
out to obtain additional information on the produc- 
tion mechanism for these particles. The fast neu- 
trons were recorded by the method of threshold 
detectors. A natural mixture of the isotopes of 
copper served as the detector. In the interaction 
of neutrons of energies > 11 Mev with Cu® nuclei, 
an active isotope appears with a half-life of 10 
min and a maximum positron energy of 2.9 Mev. £4 

The positrons were recorded by a self-quench- 
ing Geiger counter of the type STS-6. To decrease 
the noise, this counter was surrounded by a guard 
ring of nine other counters of the same type, con- 
nected in parallel and in anticoincidence with the 
working counter. The system of counters was 
surrounded by a protective layer of iron of 150 
mm thickness, and by a lead layer of 100 mm 
thickness. It was possible to decrease the back- 
ground of the working counter by such means to 
~ 3 counts/min. The background remained con- 
stant during the entire period of measurement. 

A hollow iron cylinder was placed between the 
ring and the working counter for the purpose of 
preventing the simultaneous incidence of posi- 
trons in the working counter and in one of the 
counters of the protective ring. 

To lessen the effect of oscillations in the radi- 
ation intensity, the relative radiation dose was 
measured by the method of activation of a thin 
copper foil placed directly in the beam of the y 
rays. The resultant £* activity was measured 
by an end-window counter. The equivalent dose 
of y radiation (in absolute units) was deter- 
mined from calibration measurements at constant 
radiation intensity with the help of a so-called 
quantometer. 1 

The target had the shape of a cylinder 100 mm 
long and 58 mm in diameter. Copper activated by 


photoneutrons was prepared in the shape of hollow 
cylinders with walls 0.6 mm thick. 

Other possible reactions cannot give an appre- 
ciable contribution to the measured activity of the 
reactions Cu®?(n, 2n) Cu®* and Cu®(y, n) Cu®*, 
as verified by the results of control measurements 


of the decay period. Measurement of the effect was 


alternated with measurement of the background (in 
the absence of a target). The background did not 
exceed 30 percent on average. A systematic con- 
trol was maintained on the stability of the appa- 
ratus. 

The method used makes it possible to determine 
the relative number of fast neutrons by the number 
of radioactive decays in the copper specimen per 
unit of monitor reading. For this purpose, it is 
necessary to know the neutron energy dependence 
of the cross section o of the reaction Cu®’(n, 2n) 
Cu®**, and the form of the energy spectrum of the 
photoneutrons from a target irradiated by brems- 
strahlung with different maximum y-quantum en- 
ergies, Eymax- 

The dependence of o on the neutron energy is 
sufficiently well known. '] Information on the en- 
ergy spectra of photoneutrons is limited. Only the 
energy spectrum of photoneutrons emitted from 
the C!* nucleus in the photodecay of bremsstrahl- 
ung with E,,max = 88 Mev has been studied. 
However, the dependence of the cross section of 
the reaction C!*(y, n) C!! on the energy of the y 
rays is known."*) On the basis of available 
data, '»*] we can compute the energy spectra of 
the photoneutrons, assuming that the product nu- 
cleus in the reaction C!? ( y, n) C1! remains in the 
ground state or in a weakly excited state. The re- 
sults of the study of the reaction C!? (y, p) BY can 
serve as the basis of such an assumption. !© Cal- 
culations have shown that the shapes of the energy 
spectra of fast neutrons emitted by a C!* nucleus 
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are virtually identical for different E)max over 
a rather wide range of values of the latter. There- 
fore, it was taken into account in the treatment of 
the experimental data for c'? that the neutron 
spectrum in the case E) max = 85 Mev decays as 
E™ with n= 1.5, as was found by us earlier. "4 
The same form of the neutron spectrum was as- 
sumed for all values of Emax < 85 Mev. Meas- 
urements of the energy spectrum of fast photo- 
neutrons from Al?’ were not carried out in the 
energy range studied. Experimental points of the 
yield for Al?’ were computed by us, initially under 
the assumption that the neutron spectrum decays 
in the same way as in the case of ci (~ | age 
and then under the assumption of a spectrum of 
the form E~?:5, which corresponds approximately 
to the decay of the spectrum of protons from the 
Al?” nucleus. §4 

The cross sections were determined by the 
method of Penfold and Leiss.! They were com- 
puted from the yield curves, which were drawn 
through the experimental points and smoothed ac- 
cording to their first differences. 

The results obtained for C” are plotted in 
Fig. 1. The experimental points represent the 
number of fast neutrons N with energy > 11 Mev 


per unit reading of the monitor for a given E., max. 


The curve 1 is a smoothed one, drawn through the 
experimental points. The curve of the cross sec- 
tion of all the fast neutrons (> 11 Mev), calcu- 
lated on the basis of curve 1, is given by curve 2, 
and the cross section for photoneutrons in the en- 
ergy range 11— 21 Mev is shown by curve 3. 

The results of an experimental investigation of 
photoneutrons with energies > 11 Mev are given in 
Fig. 2 for the case of Al2", The computed curves 
2 and 3 are constructed under the assumption that 
the spectrum of photoneutrons decays according 
to the laws E~!:5 and E~*:>, respectively. 
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In both drawings, the arrows at the left on the 
abscissa indicate the energy threshold of the re- 
action (y, n) with emergence of a neutron having 
the energy 11 Mev (minimum recording energy, 
Ej), The arrows to the right show the energy 
of a y quantum, Ey, necessary for the formation 
of a neutron with energy EM" under the condition 
that there exists a quasideuteron mechanism of y 
quantum absorption. In this case, Ey was com- 
puted according to a formula obtained from the 
conservation laws for the photodecay of a deuteron 


E, = 2E,/(1 — E,/Mc? + (P/Mc) cos 9], 


where Ey, = EMi2 + £,/2 [Ey is the threshold of 
the reaction (y, pn)], M is the mass of the neu- 
tron, P is the momentum of the neutron, c is the 
speed of light, and the angle of flight of the neu- 
tron relative to the direction of the y quanta (in 
the laboratory system of coordinates ). 

As follows from Fig. 1, the cross section for 
all neutrons with energy 11 Mev in the case of the 
Cc nucleus is a curve with a broad maximum, 
which falls off slowly in the high-energy region. 
For a narrower range of energies of recorded 
neutrons, one can expect a contraction of the cross 
section curve and its displacement in the direction 
of lower energies, which is also confirmed by 
curve 3 in the same drawing. The experimentally 
measured threshold for formation of neutrons with 
energies > 11 Mev is in excellent agreement with 
the value computed under the assumption that a 
neutron with energy 11 Mev is produced in the 
single-particle reaction ohn yo! 

An important part of the curves, especially for 
curve 3, lies below the region corresponding to the 
quasideuteron mechanism. It obviously can be 
shown that an important part of the curves lies in 
an energy range where emission of only a single 
neutron is possible from the nucleus without the 
simultaneous emission of a proton. It is known 
that the difference in the thresholds of the reac- 
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tions (y, n) and (y, np) is equal to ~ 9 Mev. If 
we take it into account that in the emission of the 
neutron the C!! nucleus remains in an excited 
state in half the cases (by analogy with the re- 
sults of the study of the reaction C!*(y, p) B", 8 
and also consider the great width of the energy 
recording range, then we see that in the region 
close to the right-hand arrow there should be 
very few neutrons accompanied by an emission 
of protons. 


Similar conclusions can be drawn relative to 
the results for Al?’ shown in Fig. 2, although here 
some difference is observed from the results for 
c!? (the width of the maximum is significantly less 
and, in the region of high energies, an increase in 
cross section is observed). 

In conclusion, it can be shown that the value of 
the threshold for production of fast photoneutrons 
and the existence of a broad maximum in the re- 
gion of comparatively low energies of the y quanta 
indicate the predominance of a mechanism for which 
only a single fast neutron is emitted from the nu- 
cleus in the reaction (y, n). However, it is impos- 
sible to deny that the quasideuteron absorption 
mechanism plays a substantial role in the region 
of energies of y quanta behind the broad maximum. 

It should be observed that the cross sections of 
the reaction (y, n) are of the same form as those 
of the (y, p) reaction for the C!* nucleus. ®] In 
this case the experimental points on the yield 
curves of the reaction (y, n) reveal a break for 
high energies of the y quanta, corresponding to 
the inflexion in the yield curve for the (y, p) re- 
action. This can serve as proof of the possibility 
of the existence of a second maximum in the cross 
section curves. However, this maximum is not 
shown in Fig. 1, since the cross section curve was 
computed on the basis of a smoothed yield curve. 

The angular distribution and the values of the 
cross section for fast photoneutron production"; 10 
do not agree with the calculations, 1") which are 
based on the single nucleon mechanism of absorp- 
tion of y quanta. 

In previous researches, qualitative agree- 
ment has been observed in the angular distributions 
of fast photoneutrons with calculations according to 
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the quasideuteron model. However, the results of 
the present work show that the quasideuteron mech- 
anism does not appear to be dominant for fast pho- 
toneutron production in the nuclei investigated. Re- 
cently, calculations of the cross sections of fast 
photonucleon production were carried out by 
Shklyarevskii on the basis of the shell model, with 
account of pair correlations of nucleons in the nu- 
cleus. Account of pair correlations leads to the 
correct value of the cross section of fast photo- 
nucleon production; as calculations on a simplified 
model have shown, this makes it possible to explain 
qualitatively the shift forward in the angular dis- 
tribution of fast photoneutrons. 
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The levels of the Ne2* nucleus in the interval from 1 to 9 Mev are determined from the 


proton spectrum of the F!?(a, p) Ne" reaction. 


We obtained information concerning the levels 
of Ne??, especially above 3.3 Mev, by studying 
the energy spectra of protons emitted at the labo- 
ratory angles 60° and 90° from the reaction 

F¥ (a, p) Ne”. The a-particle energies were 
10.3, 13.6, and 14.7 Mev. The experimental ar- 
rangement and the treatment of the experimental 
results were the same as in “], The target was 
a 1.3-mg/cm? tetrafluoroethylene film positioned 
at a 45° angle to the a-particle beam. Protons 
were registered on Ya-2 photographic plates. The 
mean energies of proton groups were determined 
from the range-energy curves for aluminum and 
nuclear emulsion. We used as reference points 
the energy of protons from C!*(a, p) N*® (Q, 

= —4.965 Mev) and of the p, proton group from 
F!? (a, p) Ne”*, emitted when Ne” is formed in 
its second excited state. 

Our results for the Ne” energy levels are 
compared in the table with values given in '# and 
[3]. Levels at 6.37, 7.52, and 8.54 Mev are here 
reported for the first time. Our value for the 
third excited level agrees with ! but differs 
considerably from ™), 

In all instances the intensity of pp») protons 
(associated with the formation of Ne”? in its 
ground state) was considerably lower than that 
of protons accompanying Ne” formation in the 


first and second excited states. The p, intensity 


Oar’ date Reference | Reference 
4 73020205 1.28 see} 
3.36+£0.05 one S20 
4,46+0.410 4.9 4,4 
5.30+0,10 — 50.4 
55, 7602-0.. 45, — Dae 
6,370: 12 — — 
1022015 — —- 
8,540.15 = —= 


acter of the shell structure in the initial F!* and 
final Ne”? nuclei. It should also be noted that in 
the case of the reaction Al?" (a, p) si®° investi- 
gated by us previously "4 the energy spectra were 
similar, but the angular distributions of py and 
p, protons indicated that direct interactions 
played a considerable role. 

Note added in proof (June 15, 1961). A recent 
paper by Martin et al. [Phys. Rev. 121, 866 (1961)] 
reports Ne”* levels up to 7.5 Mev, which agree 
with our results. 
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was 6— 12 times greater than the pg intensity. 
This effect is apparently associated with the char- 
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The occurrence of Coulomb excitation of nuclear rotational levels in the U?®® nucleus ac- 
companying yu -mesic atomic transitions is established by means of the thick nuclear emul- 
sion technique. The probability of this process has turned out to be ~ 0.5 in satisfactory 
agreement with the theoretically expected value. 


Siow uu mesons brought to rest in a medium 
are captured by atoms forming a bound system 
consisting of a w-mesic atom in a highly excited 
state. Transition to the 1s ground state takes 
place by means of a cascade process. The energy 
of the p-mesic atomic transitions is expended in 
the emission of Auger electrons and of x rays. 

In the case of u-mesis atomic transitions to 
the 2p state in mesic atoms with highly deformed 
nuclei (155 < A< 185 and A > 225) there exists 
an additional interaction of the u~ meson with 
the quadrupole moment of the nucleus. As a re- 
sult of this, in the case of such transitions the 
probability for the excitation of low lying nuclear 
rotational levels!!:2] is high (~ 0.5). There ex- 
ists a low probability (~ 0.05) for the excitation 
of rotational levels also in the case of transitions 
to the 3d state, but such excitation does not take 
place at all in the case of transitions to the 1s 
state, “J 

The lifetime of the first excited level of a heavy 
nucleus (<107° sec) is considerably shorter than 
the lifetime of a u« meson inits K shell prior to 
its capture (~ 107’ sec). Therefore, the nucleus 
has time to make the transition to its ground state 
before the 4” meson is captured by the nucleus. 

A measurement of the number of corresponding y 
quanta and conversion electrons normalized per 
yu -meson capture yields directly the probability 
of Coulomb excitation of the nucleus Wy. 

The probability Wy depends both on the magni- 
tude and on the sign of the intrinsic quadrupole 
moment of the nucleus Q). Therefore, a measure- 
ment of Wu enables us, in principle, to determine 
one of these two quantities, for example, the sign 
of the quadrupole moment Q), if its absolute value 
is known. In nuclei for which the first excited state 
is not a purely rotational state, W, also depends 
on the quadrupole moment of the excited state. 


Another possible method of determining all the 
characteristics of the quadrupole moment con- 
sists of measuring the hyperfine structure of the 
2p — 1s y transitions due to the splitting of the 
fine structure of the 2p level caused by the inter- 
action of the »~ meson with the quadrupole moment 
of the nucleus. As a result of the stringent re- 
quirements on the degree of accuracy in the meas- 
urement of the energy of the y quanta (1%) such 
experiments also have not been performed to date. 
Both types of experiments are of considerable in- 
terest, since no other methods of determining the 
sign of Q,) are known at the present in the case of 
even-even nuclei. 


1. EXPERIMENTAL PROCEDURE AND RESULTS 


In the present work an experimental attempt is 
made for the first time to observe the Coulomb ex- 
citation of rotational levels of U?** nuclei accom- 
panying y~ -mesic atomic transitions. The energy 
of the first rotational level (2*) in U?%8 is 45 kev. 
Transitions to the ground state occur entirely by 
means of conversion. Conversion is possible only 
from L and higher shells. The energy of conver- 
sion electrons from the L shell amounted to 25 — 
28 kev, and from the M shell amounted to 40 kev. 

The effect under investigation was studied by 
observing conversion electrons. Photoplates 
NIKFI-R of 200 uw thickness were used to record 
the electrons. To achieve more reliable record- 
ing and greater accuracy in the measurement of 
the ranges of slow electrons the plates were first 
treated with a solution of triethanolamine which 
produced a grain density in relativistic electron 
tracks up to 50 per 100yu. Then photoplates doped 
with uranyl acetate ®! were irradiated by the beam 
of slow u” mesons produced by the synchrocyclo- 
tron of the Joint Institute for Nuclear Research. ““ 
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The capture of a w~ meson in uranium was iden- 


tified by means of the fission of the uranium nu- 


_ cleus to which it gives rise. Emission of one or 


more electrons from the point at which fission 
occurred was frequently observed. 

The energy of the electrons was determined 
from their range. The range-energy curve was 
calibrated at one point (~ 30 kev) by means of 
conversion electrons accompanying the a decay 
of uranium isotopes as observed in the same photo- 
plates. The accuracy of energy determination is 
15%. The efficiency for recording electrons of the 
given energy has turned out to be close to 100%. 

We have analyzed 220 cases of fission of ura- 
nium nuclei by w~ mesons and we have determined 
the energy of all the electrons emitted from the 
point at which fission occurs. We have sélected 
only electrons of energy > 20 kev. This has en- 
abled us to exclude the Auger electrons emitted 
as a result of filling a vacancy in the L and 
higher shells. 

Electrons of energy > 20 kev can be produced 
in three ways: excitation of rotational levels, mesic 
atomic transitions and nuclear fission. The exist- 
ing theories of the Auger effect in mesic atoms do 
not allow us to calculate exactly the number of 
electrons emitted in a mesic atomic transition in 


an atom of given Z. Therefore, electrons arising 


in  -mesic atomic transitions in uranium were 
eliminated by means of comparison with the num- 
ber of electrons per ms meson stopped in urani- 
um (N,). Even if ™ mesons do give rise to ex- 


- citation of rotational levels in a uranium nucleus 


this process cannot be observed since nuclear 
capture of a m meson occurs in a time which is 
much shorter than the lifetime of the 2* excited 
level. But the nature of mesic atomic transitions 
does not depend on the nuclear properties of the 
mesons and must be the same both for uw and 7 
mesons. 

The number of electrons per m™ meson stopped 
in uranium was determined in the same manner as 
in the case of uw mesons. On plates irradiated by 
a beam of slow 7 mesons we have analyzed 132 


cases of fission of a uranium nucleus by 7 me- 


sons, and we have determined the energy of all the 


_ electrons emitted from points at which fission has 
_ occurred. 


y 


2 


j 


The fission of uranium nuclei is accompanied 


: by a rearrangement of the electronic shell struc- 


ture and by other processes as a result of which 
electrons can be emitted from the point at which 
fission occurs. In order to determine the number 
of such ‘‘parasitic’’ electrons control experiments 
‘were carried out involving the fission of U?*? nu- 
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clei by 14-Mev neutrons and of U?® nuclei by 
thermal neutrons. 

In the case of neutron-induced fission of ura- 
nium nuclei it is impossible to determine the point 
at which fission occurs. However, it is known!*] 
that the ratio of the ranges Jj of the light and J, 
of the heavy fragments satisfies lj /l, <2. There- 
fore, it was assumed that fission is accompanied 
by the emission of an electron if the ratio of the 
ranges measured for a point from which the emis- 
sion of an electron is observed satisfies the con- 
dition 1/7 /ly < 2. It turned out that fission brought 
about both by thermal neutrons (600 cases) and 
by 14-Mev neutrons (500 cases) is accompanied 
in ~ 3% of the cases by the emission of 20 —50 kev 
electrons (50 kev electrons were observed in 1% 
of the cases). This is approximately 10 times 
less than the number of electrons observed when 
the fission of uranium nuclei is induced by p7™ 
and m mesons. This result was used in evalu- 
ating the true number of electrons per uw” meson 
and per m meson stopped in uranium. 

Control experiments were also carried out with 
Ag and Br nuclei. 

In the slightly deformed Ag and Br nuclei the 
value of Qy is approximately 10 times smaller 
than in uranium, and this, taken together with a 
number of other factors, leads to a low probabil- 
ity for Coulomb excitation to accompany p -mesic 
atomic transitions. It follows from general con- 
siderations that in such nuclei the number of ob- 
served electrons emitted in mesic atomic transi- 
tions increases with increasing meson mass. This 
had been previously demonstrated in experiments 
involving 7 and K~ mesons. £4 

Below we exhibit results obtained by us for p™ 
and m mesons. In the same photoplates in which 
we have observed the fission of uranium nuclei by 
p and m mesons, we have also found and analyzed 
1,000 uw mesons brought to rest and 850 stars with 
one or more prongs due to 7 mesons. 

Capture of uw~ mesons by AgBr nuclei was in- 
ferred from the absence of the electron arising 
from p—e decay as was done, for example, in 
Fry’s paper.“ It turned out that 60% of the me- 
sons are captured by AgBr nuclei. According to 
the data of Brown and Hughes, "*! 56% of the stars 
with one or more prongs, induced by 7 mesons, 
come from AgBr nuclei. An analysis of stars ac- 
companied by the emission of Auger electrons of 
mesic atomic origin has shown that with rare ex- 
ceptions they all come from AgBr nuclei. This 
last result is in good agreement with the results 
of other papers, for example §*), 


Ny/Na (for 20—50 kev 
Kind of = &: k electrons) 

Nucleus | ‘meson ne ae experimental |calculated 

value value 

U [on 0.650.08 0.22+0,04 2 ose Oat ~0.8 
A 0,280.06 0.45+0.04 
AgBr p- Ons 0202: 0.14002 0.58+0.14 ~0.75 
0.26+0.03 0.419+0,02 . 


The table shows experimental data on the aver- 
age number N of electrons of 20 — 50 kev and 
> 50 kev energy evaluated per meson and per 
™ meson stopped by AgBr and by uranium nuclei 
(after the background due to the ‘‘parasitic’’ elec- 
trons has been subtracted). The table also gives 
experimental and theoretical values of Ny / N, for 
uranium and for AgBr (for 20 —50 kev electrons ). 

The calculation of Ny /N, was carried out in 
the following manner. The energy levels for p™ 
and a mesons in mesic atoms of Ag, Br, and 
uranium, and also the energies of the mesic atomic 
transitions were calculated on the assumption that 
An = Al = 1, where n and 7 are the principal and 
the orbital quantum numbers. In evaluating the 
internal-conversion coefficients for each transi- 
tion theoretical results on mesic atomic transi- 
tions were utilized. 11] 


2. DISCUSSION OF RESULTS 


From the table it can be seen that for uranium 
N u> Nz, while for AgBr, as should have been ex- 
pected, Nu < Nr. The values of Nz for uranium 
and for AgBr have turned out to be close to each 
other, and this is due to the weak dependence of 
the Auger effect on Z. 

The value of N, for uranium for 20 —50 kev 
electrons is approximately four times larger than 
for AgBr. This difference can be due to: a) Cou- 
lomb excitation of nuclear rotational levels in 
uranium, b) excitation of the nucleus as a result 
of direct transfer to the nucleus of the energy of 
the 2p — 1s mesic atomic transition. 

The latter process was discussed in the theo- 
retical paper of Zaretskii.“2! Its probability in 
u238 was measured in the paper by Balats, Kon- 
drat’ev, et al.“9] and has turned out to be equal 
to (0.23 + 0.04). In the case of such excitation 
the energy transferred to the nucleus is 6.3 Mev 
and this can be expended in the emission of a neu- 
tron, y rays and conversion electrons. The latter 
are, perhaps, responsible for the slight excess in 
uranium of the number N, over Nu for electrons 
of energy > 50 kev (in AgBr in the case of elec- 
trons of energy > 50 kev the opposite inequality 
Nu < Nz holds). 


For the experimentally observed probability of 
excitation of rotational levels we obtain the value 


a2 aN \ td 

(W.) obs= (Np)u — ( | Nxvi= 05 OL 
nm ‘ AgBr 

The true value of the probability W,, can be ob- 

tained from (W,,)obs in the following manner: 


(W,,) obs — W,. ( — 0.23) + 0,23 Q, (2) 


where a is the probability that the transition from 
the excited (6.3 Mev) to the ground level will take 
place via the first excited level of the U2 or 2% 
nucleus. On substituting into (2) the value (Wy, )obs 
we obtain 


W, = 0.65 — 0.34, 


and since 0<.a@< 1, then 0.35 < Wy < 0.65. The 
spin and parity of the excited (as a result of the 

2p — 1s transition) U?%* nucleus are given by 1. 
If a neutron is not emitted by the nucleus then 
transitions to the ground state (0*) or to the first 
excited state (2*) will apparently be equally prob- 
able. From this it follows that a = 0.5. However, 
if a neutron is emitted then U?*" is formed for 
which the value of the spin in the excited state is 
unknown. 

Apparently, we can assume without gross error 
that a@ = 0.5 in all cases, so that Wy = 0.5 + 0.1. 
Thus, it is quite probable that the excitation of the 
nucleus as a result of the 2p — 1s transition does 
not appreciably alter the value of W,. 

The theoretical values "") of Wy for Qo > 0 and 
Qo < 0 are respectively equal to 0.5 and 0.4. There- 
fore, in order to obtain a definitive solution of the 
problem of the sign of Qy it is necessary to in- 
crease the experimental accuracy of the determi- 
nation of W,, and to eliminate reliably the influ- 
ence of side effects. Moreover, it is desirable to 
know more accurately the theoretical value of the 
probability of excitation of rotational levels from 
the 3d state. 

The high value of Wy, (~ 0.5) makes experi- 
ments of such type for the determination of the 
sign of Q) appropriate in the case of even-even 
nuclei. These experiments can also be carried 
out using pure samples of the elements in a Wilson 
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cloud chamber or in a diffusion chamber, utilizing 
thin solid or gaseous targets. 

The excitation of rotational levels in uw -mesic 
atomic transitions leads to another effect discussed 
in the theoretical paper of Zaretskii and Novikov. "41 
This effect consists of the fact that in deformed 
even-even nuclei as a result of the excitation of 
rotational levels the spin of the excited level turns 
out to be different from zero with a probability of 
~0.5. This results in additional depolarization of 
us mesons in transitions to the 1s state due to 
the hyperfine splitting of the 1s level. 

I express my gratitude to I. M. Frank, I. Ya. 
Barit and F. L. Shapiro for valuable comments in 
the discussion of this work, and to V. P. Zavarzina 
and I. V. Surkova for aid in scanning the photo- 
plates. 
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The angular distribution of 6.8-Mev protons elastically scattered by Ni*So gn andl Ze 
nuclei is investigated. A large difference is found between the angular distributions of the 


various isotopes. 


Tie study of the scattering of medium-energy 
nucleons by atomic nuclei is a source of consider- 
able information on the properties of atomic nu- 
clei. Interest in experiments of this kind is greatly 
due to the development of the optical model of the 
nucleus. Very interesting results are those ob- 
tained from experiments on elastic scattering of 
protons by separated isotopes at energies below 
10 Mev. A considerable difference was observed 
in the angular distributions even in scattering by 
neighboring isotopes.'! 5] 

The fact that these effects cannot be fully de- 
scribed theoretically necessitates gathering addi- 
tional experimental facts to permit subsequent 
generalization. It is natural to attempt to relate 
the difference in the scattering to the shell struc- 
ture of nuclei. 

The isotopes of nickel have filled proton shells 
(Z = 28). The filling of the neutron shells has the 
following singularity: the filling of the sublevel 
2P3/2 ends with the isotopes N®8 and Ni®, and 
the filling of the sublevel 1f5,. begins with Ni®, 
The isotope Zr” has filled neutron shells (N=50), 
and completes the filling of the level 1g5/.. The 
sublevel 2d; is filled for the following isotopes 
of zirconium. 

It is therefore quite probable that the nuclei 
Ni® and Zr*!)*.% have a more ‘‘diffuse’’ surface, 
bringing about an increase in the absorption of 
neutrons by these nuclei.“ An experimental man- 
ifestation of this is the fact that the differential 
cross section of elastic scattering at large angles 
is much less for Ni® than for Ni®® and Ni®, and 
is much greater for Zr* than for the heavier 
zirconium isotopes. 

From this point of view, great interest is at- 


tached to a study of the scattering on Ni®! and 


various isotopes of zirconium. The addition of the 
succeeding neutrons can be expected to ‘‘loosen’’ 
the surface of the nucleus even more and increase 
the probability of absorption of the incident pro- 
tons. This should be accompanied by a reduction 
in the differential cross section in the region of 
large scattering angles. 

The experimental procedure did not differ in 
principle from that described earlier.“*! However, 
several improvements were made to increase the 
measurement accuracy. Thus, the current of the 
protons incident on the target was measured with 
the aid of a current integrator. Simultaneously, 
the intensities of the scattered protons were meas- 
ured with a scintillation spectrometer, mounted at 
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an angle of 90° to the direction of the primary protons. 


Thus, a double check on the measurement of the 
intensity of the incident protons was accomplished. 
The targets were thin free metallic foils, en- 
riched with the investigated isotopes in the follow- 
ing fashion: Ni®4—79.8 per cent, Zr’ —96.1 per 
cent, Ay Es Der cent: Zr* 88.6 percents 

and Zr** —31.3 per cent. 


MEASUREMENT RESULTS AND DISCUSSION 


Nickel. The results of the measurements for 
Ni®4 are shown in Fig. 1, in the form of the ratio 
of the measured scattering cross section to the 
Coulomb scattering cross section (exp /Ores) 
as a function of the scattering angle. The meas- 
urement error did not exceed 3 per cent. As can 
be seen from Fig. 2, where a comparison is made 
with the already known data for the other three 
nickel isotopes,“ this ratio has the lowest values 
for Ni® at the largest angles, apparently owing to 
the stronger absorption of the protons by the Ni®4 
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Texp/Ores 
12 


JB FIG. 1. Angular distribution of protons in 


elastic scattering on nickel enriched with 79,8 
per cent Ni®*. The dotted curve has been re- 


26 calculated for pure Ni* (E, ~ 6.8 Mev). 
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FIG. 2. Comparison of angular distributions of 
protons elastically scattered by different nickel 
isotopes, at E, = 6.8 Mev. 


oe eles 1 ae 
20 40 60 80 100 120 140 160 Gee re, 


nucleus, compared with other isotopes. An analo- Gexp/ Ores 
gous result was observed earlier in the scattering 12 
of 5.4-Mev protons by the same isotopes.“! We 

- can therefore expect for Ni® a much larger cross 
section for the reactions that compete with elastic 
scattering with capture. In particular, this takes 
place for the (p, n) reaction, the thresholds of 10 
which are 4.77 and 2.49 Mev for Ni® and Ni®, 
respectively. 10 

Zirconium. In connection with the noticeable 

solubility of molybdenum in zirconium at high tem- 
peratures, molybdenum impurities were found in 10 
the zirconium targets. It was established by x-ray 
spectroscopy that this impurity is the same for all 
targets, 10 per cent by weight. 


0 20 40 = 60 80 100 120 140 @e.m.s. 


The results of the investigation of elastic scat- FIG. 3. Angular distribution of protons in elastic scatter- 
tering of 6.8-Mev protons by enriched zirconium ing by zirconium isotopes (Ep = 6.8 Mev), 
targets are shown in Fig. 3. The ratio 0exp/Cres 
_ is much higher for Zr*® than for the heavier iso- duces this ratio, which is much less in the maxi- 
_ topes in the large-angle region. Addition of merely mum region than for or 
one odd neutron to the Zr® nucleus greatly re- Inasmuch as the enrichment of the target with 
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Zr**® was merely 31 percent, we can only note that 
in the large-angle region the cross section for the 
elastic scattering by this isotope is apparently 
much smaller than for scattering by light isotopes. 

Our results on Zr®® and Zr®! agree with the 
results of an investigation of elastic scattering of 
5.45-Mev protons by the same isotopes.“ 

Thus, in the scattering of protons by zirconium 
isotopes, a noticeable difference is observed in 


the course of the angular dependence of dexn /Orés- 


A comparison of this course of the angular depend- 
ence with the magnitude of the (p, n) reaction 
threshold for the same isotopes again confirms 
the important role played by the reactions that 
compete with the (p, p) reaction with capture. 

In conclusion, the authors are grateful to the 
cyclotron crew of the Institute of Physics of the 
Ukrainian Academy of Sciences for producing the 
proton beam. 

The authors are grateful to Zh. I. Pisanko and 
A. G. Beletskii for help with the measurements, 
and also to A. D. Nikolaichuk and V. N. Medyanik 
for preparation of the targets. 
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The cross section for the production of hypernuclei in NIKFI-R photographic emulsion 


exposed to 9-Bev protons is found to be op = (0.2 + 0.1) mb. 


1. INTRODUCTION 


A number of articles on hypernuclei have already 
been published. These articles deal mainly with 
the study of the decay of hypernuclei stopping in 
photographic emulsion. As a result, many valu- 
able data have been obtained on the properties of 
IN particles in the bound state and on the charac- 
ter of the AYN interaction. Only some of the ar- 
ticles (see for example, (11) deal with questions 
connected with the mechanism of hypernucleus 
production. The study of the act of production of 
hypernuclei can give valuable information on strong 
interactions of nucleons in which strange particles 
are produced and on the character of the interac- 
tion of strange particles with each other, with nu- 
cleons, and with mesons. Qualitative ideas on 
the mechanism of hypernucleus production are 
based on the assumption that the formation of hy- 
pernuclei is preceded by the production of A par- 
ticles along with other strange particles, and, pos- 
sibly, mesons in the elementary act of NN in- 
teractions. It is natural to begin a study of the 
mechanism of hypernucleus production with the 
determination of their production cross section 
and the dependence of this cross section on the 
energy of the bombarding protons. Blau”! and 
Fry et al'3] have determined the frequency of 
production of hypernuclei by 3- and 6-Bev protons. 
In this article, we shall present an estimate of the 
cross section for this process in the case of 9- 
Bev protons. 


2. EXPERIMENTAL METHOD 


A stack of 400-y NIKFI-R emulsion pellicles 
was exposed to 9-Bev protons from the proton 
synchrotron of the Joint Institute for Nuclear Re- 
search. The primary proton flux, estimated from 
a direct count of tracks over successive 34-p in- 
tervals, 500 apart, with allowance for the change 
in thickness of the pellicle, was (1.36 + 0.06) 


<x 105 cm7*. The emulsion was scanned under a 
magnification of 20X1.5x10. All double stars 
were recorded. After scanning part of the mate- 
rial a second time and taking into account the geo- 
metrical conditions of observation of the stars and 
the connecting tracks, we were able to estimate the 
scanning efficiency on the basis of double stars 
missed in the scanning. In the entire scanned vol- 
ume, 443 double stars were observed (without 
taking into account L-shaped tracks). They were 
all analyzed with a view to selecting hypernuclei. 

The analysis was based on the laws of conser- 
vation of energy, momentum, and charge of the 
particles with the best possible determination of 
the charge, and measurement of the track lengths 
and angles between tracks. The charge was de- 
termined by the track-width method.* 

In selecting the cases with hypernuclei from 
among the double stars, we excluded all cases of 
interaction of and K mesons with nuclei on 
the basis of the law of conservation of charge; 
elastic pp interactions were eliminated by means 
of the law of conservation of momentum. Interac- 
tions between nuclei and emulsion nuclei were dis- 
tinguished from hypernucleus decays by the track- 
width measurements. The thinning down of the 
connecting track was evidence of the stopping of 
the particle. Cases in which there was no thinning 
down of the connecting track were attributed to 
nuclear-nuclear interactions. In about 2% of the 
cases, the measurements could not give informa- 
tion on the thinning down (tracks = 20, in length). 


3. RESULTS 


As a result of the analysis of all double stars, 
20 cases were attributed to hypernuclei: 18 with 
nonmesic decay and 2 with mesic decay. It should 
be noted that we did not take into account cases 


*Details on the track-width measurements in NIKFI-R 
emulsion will be presented in a separate report. 
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with L-shaped tracks, which are (except for scat- 
ters) either nonmesic decays of hypernuclei with 
7 =1, 2 or r°-mesic decays. These cases were 
very rare, and, in our opinion, do not make any 
essential contribution to the value of the cross 
section. 

Most hypernuclei have a charge =>3. The charge 
distribution was as follows: 

Tig 1 2 oF td. 
Number of hypernuclei: 2 3 6 9 

The mean number of gray and black tracks in 
the parent stars with hypernuclei was 14 + 1.4. 
This gives a basis to assume that all observed 
hypernuclei are produced as a result of the inter- 
action of primary protons with heavy nuclei of the 
emulsion (Ag and Br). 

The angular distribution of the hypernuclei (see 
figure) indicates that the direction of emission is 
preferentially in the forward hemisphere (i.e., in 
the direction of the primary proton. The ratio of 
the number of cases of forward emission to the 
number of cases of backward emission was 2.3, 
which is in good agreement with the data given in 
Silverstein’s survey.“4J 
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4, DISCUSSION OF RESULTS 


The cross section determined by us, after all 
corrections, was opf = 0.2 + 0.1 mb. 

If we compare this value with the cross section 
for the production of free Ng particles, 4 then it 
turns out that o,0/op¢ ~ 15. This apparently indi- 
cates that only a small part of the produced iN 
particles give rise to hypernuclei. Blau”! and 
Fry et al [3] at 3 Bev and 6 Bev, respectively, ob- 
served 14 and 7 hypernuclei out of 14480 and 
10000 stars; the corresponding frequencies of 
hypernuclei per star were 1 x 107° and 0: 10>, 
Comparison with our data indicates that the hyper- 
nucleus production cross section in the 3 —9 Bev 
region decreases with an increase in the primary 
proton energy. In all probability, this decrease 
in cross section is connected with the decrease in 
the cross section for NN interactions"! and the 
decrease in cross section for the production of A° 
particles with an increase in energy of the primary 
nucleon. 


‘©. M. Silverstein, Nuovo cimento Suppl. 10, 41 
(1958). 

2M. Blau, Phys. Rev. 102, 495 (1956). 

3 Fry, Schneps, and Swami, Phys. Rev. 101, 1526 
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and Tolstov, Preprint R-434, Joint Institute for 
Nuclear Research, 1959. 
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Statisticheskaya teoriya mnozhestvennogo 
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The interaction of 7* mesons of 78 + 3 Mev with hydrogen and carbon was studied in a bubble 
chamber. The scattering cross sections on hydrogen and carbon and the absorption cross 
section in carbon were determined. The prongs of the stars formed in the absorption of a 
meson go predominantly forward. This points to the existence of quasi-elastic collisions 

of the mesons in the nucleus prior to their absorption. 


We have investigated the interaction of 7* me- 


_ sons with hydrogen and carbon at the synchrocy- 


clotron of the Joint Institute of Nuclear Research 
by means of a small propane bubble chamber. "1 
The energy of the 7* mesons and the admixture of 
positrons and uw mesons to the beam, 7, were de- 
termined by range measurements in polyethylene. 
These values were obtained: E,+ = (78 + 3) Mev; 
n= (25+ 2)%. In 2852 stereoscopic pictures we 
found 400 interactions. The scanning efficiency 
was 0.90 + 0.03. The results are given in Table I. 
The scattering from hydrogen and carbon was in- 
vestigated for scattering angles 6 = 41°. The 
cross sections agree with the known values con- 
tained in the literature (see, e.g., the review 
article by Barkov and Nikol’skii'). 

The experimental value of the cross section for 
reaction (4) (Table I) includes the process of ex- 
change scattering and absorption of the mesons. 
Taking into account that the exchange scattering 
cross section of m mesons on hydrogen at 79 Mev 
equals 15 mb,!?] one has Gaps = 180 + 20 mb and 
a mean free path Naps = (7.6 + 0.9) x 10° cm. 

The mean number of prongs of the stars is f 
= 2.50 + 0.18. Comparison with the data of differ- 
ent investigations!**! shows that this distribution 
depends very little on the energy of the 7* mesons 
(Table II). 

Among the two-prong stars 36 of the 92 events 
have an angle between the emitted protons of > 140° 
which allows to classify them as due to absorbtion 
of the meson by an n-p pair. If one takes into ac- 
count the collisions of the protons in the nucleus 
and one considers that capture of mesons by an 
n-n pair is 2—3 times less probable than by an 
n-p pair,!®] it follows from the experimental data 
that approximately in 70% of the cases mesons are 
absorbed by nucleon pairs. This agrees well with 
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the estimates obtained by different authors. "8 

The angular distribution of the prongs (see 
Table II) has a forward-backward asymmetry with 
respect to the incoming 7* beam: about 30% more 
prongs go forward than backward. The asymmetry 
coefficient & = 2(N. — N.)/(N, +N.) decreases 
with increasing number of prongs in the star. (Here 
N. and N. is the number of prongs going forward 
and backward respectively ). 

The similarity of the experimental conditions 
and of the analysis between the present work and 
Ref. 4 allows also to determine the weighted mean 
value of the asymmetry coefficient. It is also 
given in Table II. 

A large contribution to the anisotropy of single 
prong stars certainly is due to protons leaving the 
nucleus as a result of the exchange scattering 
process (7*+n—7° +p). The anisotropy of the 
other stars and the character of its dependence on 
the prong number must be connected with the meson 
absorption mechanism. The appearance of a large 
isotropic ‘‘background’’ (more than 30% of the total 
number of prongs) of low energy prongs (E < 15 
Mev) indicates that the mesons sometimes are ab- 
sorbed by a large cluster of nucleons or by the nu- 
cleus as a whole. The overall anisotropy of the 
prongs can be explained by quasi-elastic collisions 
of the meson in the nucleus before its absorption. 
This has been already suggested in Ref. 4. It should 
be mentioned that any reasonable assumptions 
concerning the meson absorption mechanism must 
also lead to an anisotropy of the emitted particles 
and fragments (the meson-nucleus system con- 
tains forward momentum ). However, no other as- 
sumption (e.g., absorption of the meson by the nu- 
cleus as a whole) can yield an anisotropy in the 
distribution of the emitted protons. Evidently, the 
angular distribution of the residual nuclei could 
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Table I. Cross section of 7* mesons of 78 Mev with hydrogen and carbon 


Reaction | spar Jexp, mb Remarks ao; mb 
(4) s++ poxt+p 72 364 5 0+ >> 41° (lab syst.) Feat (0° — 180°) = 39 +6 [3] 
(2) n+4+Coxnt+C \ 
(3) nt++C—nt++A-+fProngs f=0,1,2,... f WTA 166£14 0.4 >> 41° (lab syst.) 
Absorption and exchange scattering: 
(4) nt + C— A-{f prongs a Wee 204 195-£20 B (nt—» m0) = 15 mb /) 5 ape = 180 20 


J 


Table II. Distribution of the prong number and asymmetry coefficient 


nn ee saad EEIEEESIyIEIEnSS SET iusnsEESSEn SENSES SEEN EERIE 


Number of prongs in star 
E,,., Mev |Reference 
{ 2 3 4 | 6 | 1 
if 45 (+8) * 30 14 2 1 “l mi [’ 
4) * be 08 5) * 32 8 — — ~ 
Number of stars | ay BS ee Cr ) 4 6 9 es 78 es 
Asymmetry sca a 0226220712 O48ics O13 0.14440.18 OR Zee ORad — — 78 : es é 
al Cy 4 E=-) * 
coefficient € 0.904 0,23 0.44+0,10 0.46+£0.09 0.280.410 0.28 + 0.20 — 50-—80 [*]and|**] 


*The error is due to the uncertainty in the prong number. 
**This paper. 


give additional evidence concerning the meson ab- 
sorption mechanism. 

The authors express their sincere gratitude to 
A. M. Pontecorvo for his interest in this work. 
They also are indebted to N. I. Petrov for useful 
criticisms. 
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The resistance, Hall constant, and the variation of resistance in a magnetic field were meas- 
ured at temperatures between 4.2 and 3.7°K for p-type Ge subjected to unilateral compres- 
sion. The change in conductivity of hole type Ge caused by the pressure is due both to a vari- 
ation in the number of carriers in the band and to a change in their mobility. The sign of the 
deformation potential is determined from the ratio of the mobilities for different crystallo- 


graphic directions. 


Unoer a unilateral deformation the valence 
band in germanium, which is fourfold degenerate 
in the normal state, is split into two doubly degen- 
erate bands and is deformed. This produces a 
change in the electrical properties of p-type ger- 
manium. Several works"!-" have been devoted to 
a study of the effect of unilateral deformation on 
the electrical properties of p-type germanium. 
The problem has been most fully considered theo- 
retically by Pikus and Bir.) Smith" and Morin 
et al™) studied the change of resistivity on defor- 
mation and its temperature dependence down to 
20°K, 

The purpose of the present work was to study 
the electrical properties at lower temperatures, 
where the effects should be greater and should 
have some features pointed out by Pikus and Bir. 
After this investigation had started, we heard of 
the work of Koenig and Hall"* in which the elec- 
trical properties of p-type germanium under uni- 
lateral compression in the [111] and [100] direc- 
tions were studied down to 4.2°K. Our results are 
in general agreement with their data and the sign 
of the deformation potential d agrees with the 
sign determined by Koenig. 

We measured the resistance, Hall constant, 
and the variation of resistance in a magnetic field 
for unilateral compression, on p-type germanium 
having p = 20 ohm-cm at room temperature. The 
measurements were carried out at temperatures 
from 4.2 to 3.7°K. In this temperature range the 
conductivity of such specimens is due to holes in 
the valence band, and the impurity band conductiv- 
ity does not show up, as is indicated by the expo- 
nential variation of the resistivity and Hall con- 
stant with decreasing temperature. The tempera- 


ture range is limited by the value of the resistiv- 
ity of the specimen: for T < 3.7°K we have R 

> 10! ohm, and measurement becomes difficult. 
Measurements were made in the direction of the 
deformation, [110], and perpendicular to it, along 
[110]. The load varied from zero to 600 kg/cm? 
and was produced by beryllium bronze springs. * 

The measurements were carried out in an ap- 
paratus thoroughly shielded from radiation, since 
the magnitude of the measured effects decreases 
in the presence of radiation and becomes zero for 
a large amount of radiation. All measurements 
were made with such electric field strengths in 
the specimen that Ohm’s law was obeyed. The 
magnetic field was ~ 1,500 oe. 

Figure 1 shows the variation of conductivity with 
pressure for the conductivity parallel to the pres- 
sure direction and perpendicular to it. It can be 
seen that the conductivity changes by more for the 
[110] direction than for the [110] direction. If we 
assume that the scattering is little anisotropic, 
then according to Pikus and Bir"! the sign of the 
product dD can be deduced as negative, from the 
value of the ratio of mobilities pw, /u) =o, /o, > 1; 
d is the deformation potential and D is the matrix 
element of the spin-orbit coupling. 

Figure 2 shows the ratios of the mobilities u/p) 
and of the concentration of carriers n/ng = Ry/R 
(where R is the Hall constant) with and without 
deformation, as a function of pressure, when these 
are measured in the direction of deformation, [110], 
at 4.2°K. It can be seen from these curves that the 
conductivity of germanium changes on deformation 
not only because of an increase in hole mobility, 


*The apparatus for producing the unilateral compression 
was developed by N. B. Brandt. 
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but also because their number increases. Meas- 
urement of the temperature dependence ofthe Hall 
constant at zero and at the maximum deformation 
for these experiments, showed that the ionization 
energy of the holes changed by 5 Xx 1074 ev, which 
represents 5% of the ionization energy, and is close 
to the accuracy of measurement in our experiments © 
(~3%). However, the increase in the number of 
carriers with pressure, found in these experiments, 
gives the same change of ionization energy. 

We thank N. B. Brandt, A. I. Shal’nikov, and 
G. E. Pikus for their interest and help with this 
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In a program including a complete set of experiments for the determination of nucleon- 
nucleon scattering amplitudes, we measured the coefficient of correlation between the 
normal polarization components (the parameter Cy,) in elastic pp scattering at 650 Mev 
and 90° (c.m.s.). We obtained Cyn (90°) = 0.93 + 0.20. The moduli of the respective am- 
plitudes contained in the elastic pp-scattering matrix were calculated on the basis of the 


obtained experimental values. 


1. INTRODUCTION 

ly one of our earlier papers!!! we formulated sev- 
eral possible sets of experiments, by which the ampli- 
tudes of nucleon-nucleon scattering can be deter- 
mined by a simultaneous analysis of data on np 

and pp scattering. All these sets involve a deter- 
mination of the correlation coefficient Cyn(%) of 
the normal components of the polarization of nu- 
cleons in pp scattering. This coefficient is deter- 
mined in terms of the average value of the oper- 
ator (0,-n)(o0,-n), the value of which is 


<(ein) (e2n)) = Sp MM¢ (on) (o2n)/Sp MMt, (1) 


and the quantity 


Io (8) = — Sp MM*, (1a) 


where M is the amplitude of elastic pp scatter- 
ing; oj is the spin matrix of the i-th nucleon; 
n = [kj xke] /|[kjxkg]| is a unit vector normal to 
the nucleon scattering plane; Ip() is the scatter- 
ing cross section of unpolarized nucleons by un- 
polarized nucleons through an angle # in the 
c.m.s. of both nucleons. 

Using for M the expression proposed by Wolf- 
enstein!! 


M = BS + C(e1 + o2) n + N (o1n) (o2n) T 
+ + G [(o1m)(e2m) + (o11)(¢21)]7 + — A [(e1m) (32m) 
— (oul) (sel) IT, (2) 


we write the pp-scattering cross section in the 
form 


I (8) =4|B\? +2|C/?+71E—AN/* 
+HN|? 4+ 4a] 


The coefficient of spin correlation Cyyn() is de- 
fined here as 


Io (8) Cnn (8) = —4(BP + 2/C/2-4|G—N]? 


sai atlt o3) 


If we use for the scattering amplitude another 
frequently employed expression (1,3, 4] 
M =a-+ 6 (o1 + o2) n + y (o1n) (oon) + 46 (a1) (cel) 
+ e(¢im) (2m), (4) 
then the scattering cross section I)(#) and the 
coefficient of spin correlation Cyn(v) assume the 
form 


Io (8) = 4 (Jal? + (6)? + [el + [4/? + fel) ©) 


Io (8) Can (0) = (a|* —[0|* — |e]? +] 41? Fie]; 


(5a) 
b=a—y7, c= 5 +2, 


eo 2p, 


a= 0. 4+-Y¥, 


d = os) (6) 


The main principles of the determination of the 
coefficient Cyn(%) were considered by Smorodin- 
skii et al.">5] In the present communication, which 
is the first part of a paper on the determination of 
the coefficients Cyyn() for pp scattering at 650 
Mev, we describe the research procedure and re- 
port the results of the measurement of Cyy at 90° 
(c.m.s. ). £8. 

For this angle, expressions (3), (5) and (3a), (5a) 
are made simpler by the symmetry of the coeffi- 
cients of the scattering amplitude: 


fo (90) = -+|B\? + 2(C|2 +21 H|? 


(7) 
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Io (90°) Con (90°) = —+-|B|? + 2\C|? + 1H |? 


= 5 (-2)|* + ||? + ler). 2 


In addition, the value of Cyn(90°) is simply re- 
lated to the contributions of the triplet ,, and 
singlet I, interactions to the scattering cross 
section I)(90°): 


Tir (90°)/Io (90°) = = [1 + Can (90°), (9) 


I, (90°)/Io (90°) = = [1 — Cyn (90°)]. (10) 


2. EXPERIMENTAL LAYOUT 


The experimental determination of the spin- 
correlation coefficients is based on the measure- 
ment of the asymmetry produced when the two pro- 
tons from elastic pp scattering are simultaneously 
scattered on the polarization-analyzer targets. Our 
experimental layout is shown in the figure. An un- 
polarized proton beam, extracted from the synchro- 
cyclotron chamber of the Joint Institute for Nuclear 
Research and cleared by the stray field of the ac- 
celerator magnet, was shaped by quadrupole lenses 
and then, after passing through steel collimators 
20 mm in diameter in the main shielding wall and 


Layout of apparatus in experiments for the measurements 
of the parameter Cy, (90°). 
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in the local shielding of the layout, struck a liquid- 
hydrogen target. The proton energy at the center 
of the liquid-hydrogen target was 650 + 12 Mev. 

The density of the proton current incident on 
the liquid-hydrogen target was monitored with an 
ionization chamber filled with helium at a pressure 
of 0.4 atm, and did not exceed (3.3 + 0.3) x Tee 
cm“ in this experiment. A check was made also 
in the experiments on the homogeneity of the den- 
sity distribution of the proton current incident on 
the target. 

The two protons involved in each event of elastic 
scattering by 90° in the c.m.s. were detected by 
conjugated scintillation counters 1 and 1’ with 
20x60x10 mm plastic scintillators. The angular 
resolutions of the first scattering in the horizon- 
tal projection were +1.5°, and the resolution in the 
azimuthal angle was +3.6°. ; 

The scattered protons and the recoil protons 
passed through collimating slots in the supplemen- 
tary shielding of the layout and struck aluminum 
polarization-analyzer targets (20 g/cm’), The 
counter system 2, 3, 4 and 2’, 3’, 4’, with scintil- 
lator dimensions 235010, 40x 90x10, and 
50x110x10 mm respectively, detected the protons 
scattered in the analyzers by an angle 11 + 2.5° 
(l.s.). 

Pulses from the photomultiplier anodes were 
fed first to shaping networks, where they were 
limited in amplitude and shaped in duration, and 
then to the inputs of two four-channel coincidence 
circuits, CC, and CC, with resolution time T 
=7.5 x 107? sec. The pulses produced at the out- 
puts of these circuits were additionally shaped in 
amplitude and duration, and then analyzed for co- 
incidence with each other within the limits of a 
resolving time of 7.5 x 10° sec. 

Thus, the two-channel coincidence circuit CC3, 
connected with scaler circuit SC, picked out the 
‘‘triple’’ scattering cases, i.e., cases when the 
scattered particle and the recoil particle were 
simultaneously scattered in the analyzing targets 
through angles specified by the geometry of the 
experiment. 

In 90° (c.m.s.) elastic pp scattering the polar- 
ization of the two proton beams (scattered and 
recoil protons) incident on the analyzer ‘targets 
should, as is well known, be equal to zero. The 
polarization of this beam was monitored simul- 
taneously with the main measurements and it was 
found that the polarization of the proton beams 
(due, for example, to imperfect alignment of the 
beams and counters), if it exists at all, does not 
exceed 0.003 + 0.002 in absolute magnitude. 


ee 
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3. CALIBRATION EXPERIMENT 


A calibration experiment was carried out to de- 


_ termine the analyzing ability of the second-scat- 


tering targets. In this experiment the protons 
were slowed down to 385 Mev by polyethylene ab- 
sorbers placed near the accelerator chamber, 
while counters 1 and 1’, used to determine the 
first-scattering angle, where so placed as to sep- 
arate the protons scattered in the c.m.s. through 
an angle # = 41° (6) , =19°). The protons inci- 
dent on the second scatterers had then the same 
energy, 320 Mev, as in the correlation experi- 
ments, and their polarization under these condi- 
tions was P = 0.39 + 0.03.* 

It was found that when a copper absorber is 
placed between the counters (together with an 
aluminum scatterer), so that the proton registra- 
tion threshold is set at 260 Mev, the asymmetries 
E, and E, in the scattering of the protons by the 
analyzer targets are given by E, = 0.200 + 0.015 
and E,= 0.210 + 0.016. This corresponds to 
second-scattering analyzing abilities 


P: = 0.51 +0.056, P2=0.54+40.06. (11) 
4, CORRELATION ASYMMETRY AND THE CO- 
EFFICIENT Cn (90°) 


The coefficient Cy,(90°) is given by the ex- 
pression Cyn(90°) = e/P,P., where e is the cor- 
relation asymmetry. The experimental value of 
the correlation asymmetry e’ was determined 
from the relation 


poe ee 2 Re) Ae tN, R) (12) 


et Nea Ms Np. 


where NLL, NRR, NLR, and NRI, are the counting 
rates of the double coincidence circuit CC 3 in the 
positions LL, RR, LR, and RL, respectively (see 
the figure). The values of Nzy7, NRr, NpR, and 
NRL were determined by subtracting the background 
of the layout from the total counting rates of the CC; 
circuit with both analyzing targets in place. 

The background of the layout is: 


Ny (13) 


Here N is the counting rate of the coincidence 
circuit CC3, and the index + or — denotes the re- 
spective presence or absence of the first and sec- 
ond analyzing targets. The measurements have 
shown that N"~- « N** and N*- = N°*. The cor- 


= Nt+- + N-*—N-- + 0,05 Nt. 


*This value of the polarization was obtained by averaging 
the data contained in the review by Hess’ for polarization at 
314 Mev (P = 0.38 + 0.02), 315 Mev (P = 0.38 + 0.02), and 
415 Mev (P = 0.41 + 0.03). 


rection term 0.05 N** is due to the 5-percent back- 
ground of random coincidences in coincidence cir- 
cuit CC3. The total background Nj amounts to 
approximately 25 percent of N**. 

As a result of several measurement runs and 
subsequent averaging, the correlation asymmetry 
was found to be e’ = 0.267 + 0.037. To determine 
the true correlation asymmetry e it is necessary 
to introduce into the obtained value e’ a correc- 
tion for false correlation eg, due to the geometry 
of the layout. Calculations have shown that eg 
= 0.01 + 0.04. 

From the resultant values 


P= 0,516 01056." (P35 "0.54 02060, 
e=e’—es =0.257+ 0.37, (14) 
it follows that 


Can (90°) = 0.93 + 0.20. (15) 


5. DISCUSSION OF RESULTS 


1. By using relations (9) and (10), as well as the 
average value of the spin-correlation coefficient 
(15), we find that at 650 Mev the triplet interaction 
produces a contribution of 96 percent to the cross 
section for elastic scattering I)(90°). The contri- 
bution of the singlet interaction is merely 4 per- 
cent. 

A comparison of the value of the parameter 
Cyn(90°) = 0.93 + 0.20, obtained at 650 Mev pro- 
ton energy, with the known values of this param- 
eter for 310 Mev'® [Cyy(90°) = 0.8479-48] and 
382 Mev™! [Cyn(90°) = 0.416 + 0.084] points to 
a possible non-monotonicity in the variation of the 
ratio of the contributions of the triplet and singlet 
interactions to elastic pp scattering in the energy 
interval 300 — 650 Mev. 

2. If we take into consideration the connection 
existing between the experimentally measured 
values of the parameters Cyn(¥) and Dpn(%) 

(the depolarization coefficient ) and the absolute 
values of the quantities B, C, H, G, N or a,b,c, 
d, and e, then the experimental data presently 
available on pp scattering at 650 Mev are suffi- 
cient to determine the moduli of the amplitudes 
contained in the matrix of elastic pp scattering 
by an angle $= 90°. The calculated moduli of the 
coefficients of the scattering matrix (2) and mod- 
uli of the quantities (6) are 


1 |B (90°12 4 [6 (90°)|2? — 1— Cy, (90°) 
Sg Io (90°) Pe To (90°) = ——7 = 0.085 +.0.1, 
| 6 (90°) |? = |c(90°) |®, (16) 
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ALUMS i LEMONS Car OH, (00) 


TutQ0ey oe eee det 90°) 
+ 2Dan (90°)) =0,95+0.1, (17) 
dE (90%) [2 Pa 4 hid (90°) 19 be : 
7% ha) 2 wy. a Et Gn OO) 
— 2D an (90°)) = 0.02 £0.1 (18) 
N (90°) = G (90°) = a (90°) = 0. (19) 


We used here the value of the parameter Dyy(90°) 
= 0.93 + 0.17, obtained in “! at practically the 
same proton energy. 

3. Knowledge of the values of the moduli of the 
amplitudes B, C, and H permits, in principle, an 
estimate of the Wolfenstein parameters R (90°) 
and A(90°) at 650 Mey. It is necessary to use 
for this purpose, for example, the analytic expres- 
sions for the relative phase shifts of these ampli- 
tudes. The estimates carried out have shown that 
when C,,,(90°) = 0.93 the parameters R(90°) and 
A (90°) differ little in magnitude and do not exceed 
0.25: 
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The capture cross sections of two or more electrons by multicharged ions of light elements 
in helium, nitrogen, argon and krypton have been measured for velocities from 2.6 x 10° to 
12 x 10° cm/sec. In most cases, the electron capture probability is determined by the mag- 
nitude of the ionization potential of the resulting ions and depends weakly on the number of 
captured electrons. It is shown that the simultaneous capture of several electrons in a beam 
of particles with an equilibrium charge distribution is the chief mode of formation of low 


charge ions. 


1. INTRODUCTION 


Ix the collision of multicharged ions with atomic 
matter, the simultaneous capture of several elec- 
trons can take place in addition to the capture of 
a single electron by the ion. As a consequence of 
the great change in the charge of the ion in such 
collisions, the latter can have a significant effect 
on the charge composition of a beam of ions pass- 
ing through the material. 

However, the actual role of these phenomena, 
especially for ionic velocities close to those of 
the orbital electrons, has been insufficiently dis- 
cussed. The cross sections for capture of several 
electrons by multicharged ions of Ne, Ar, and Kr 
are known for ionic velocities v < 10° cm/sec. !"#} 
For higher velocities, there are data on capture 
cross sections of two electrons by He ions [4] and 
estimates of the cross sections for N ions." 
Theoretical calculations of the cross sections for 
capture of two electrons by He ions in helium 
have been carried out. !® 

In the present research, results are given of 
an experimental study of the capture cross sec- 
tions of several electrons by multicharged ions 
of He, Li, B and N for velocities from (2.6 —4) 
x 10° to 12 x 108 cm/sec, by Ne ions for v 
= (2.6—6) x 10° cm/sec, by P and Ar ions for 
v = 2.6 x 108 and 4.1 x 108 cm/sec, and by Na, Mg, 
Al and Kr ions for v = 2.6 x 10° cm/sec. The 
measurements were carried out in helium, nitro- 
gen, argon and krypton. The two-electron capture 
cross sections 0j,j-2 were determined for all the 
ions. Values of the three-electron capture cross 
sections of oj j;-3 were obtained for B, N, P, and 
Ar ions. An estimate of the simultaneous capture 


of four electrons, not previously observed, was ob- 
tained for N ions. The capture of more than two 
electrons was not observed in the passage of the 
ions through helium, as was to be expected. 

The method for determining the cross sections 
and the experimental setup were described in a 
previous paper.""! In the determination of the cap- 
ture cross sections of several electrons, statis- 
tical errors were the most important, and also 
those errors produced by the small background 
of random pulses. In most cases, the total error 
did not exceed 15 — 20 percent for 0oj,j-, and 20 
— 30 percent for oj,j-3. The values of oj j-4 were 
determined with an accuracy ~ 50 percent. 

The resultant cross sections refer to cases of 
capture of electrons accompanied by scattering 
of the ions through an angle 6 which did not exceed 
0.005 radian on the average. For scattering at 
larger angles, a much smaller part of the scattered 
ions were incident on the recording system than in 
the case @ < 0.005. In this case, the ratio of the 
number of recorded ions to the total number of 
ions scattered through an angle @ was proportional 
to the geometrical factor S(@) =1—50 6 for0=@ 
< 0.0036, and S(@) = exp(0.9-—3006) for 0 
> 0.0036. In particular, for 6 = 0.003, 0.005, and 
0.010, the relative fraction of recorded particles 
S(@) was equal to 85, 53 and 13 percent, respec- 
tively. The number of recorded ions with scatter- 
ing angle 6 2 0.008, which are produced princi- 
pally by entrance into the counter close to the 
edges of the input window, was small and did not 
exceed the background of random pulses. This 
means that, in comparison with the cross sections 
obtained, the part of the capture cross section of 
the electrons associated with the scattering of the 
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FIG, 1. Cross sections for capture of several electrons in different gases as a function of the velocity v and the energy per 


nucleon of the ion, E/A, for the ions He (A), Li (x), B (a, 0), N (@, ©) and Ne (@). The blackened points correspond to the 


cross section o: . : ; ‘ 
0; ;_9 the clear ones to 7i,i-3» % to oj ;_4 for the N ion. The numbers on the points and curves denote the 


initial oie of the ions, i; W is the value of 0 for helium ions from,* G. R. is the theoretical curve of Gerasimenko and 
Rozentsveig.° The measurement errors are shown only if they exceed 20 per cent. 
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ions by an angle of @& 0.008 is usually small and 
does not exceed the range of random error. 


2. EXPERIMENTAL RESULTS 


The results of measurements of capture cross 
sections of several electrons (referred toa 
single atom) have been plotted in Figs. 1, 2, and 3. 

As is seen from Fig. 1, the two-electron cap- 
ture cross sections oj j-» decrease with increase 
in speed of the ions, while for a given gas the de- 
pendence of oj,j-» on v is approximately the same 
for all ions. For increase in velocity, the capture 
cross sections of two electrons decrease more 
rapidly than the single-electron capture cross 
section 0;,;-;.'"1 An especially large difference 
is observed in the dependence of oj j-, and oj,j-; 
on v for v ~ (6—8) x 10° cm/sec in helium: 


—dlog 0;,;,/dlog v = 5—6, —dlog 9;,;,_./dlog v = 8—14. 


With increase in the ionic charge i, the two- 
electron capture cross sections increase mono- 
tonically, approximately as i™, while the index 
m is approximately 1.5 times larger than the cor- 
responding exponent for the single-electron capture 
cross section. With change in charge of the nucleus 
of the ions Z, the two-electron capture cross sec- 
tion 0j,j-2, as well as the single-electron capture 
cross section oj,j-;, do not change monotonically 
(Fig. 2). The dependence of the cross section 
Oj,i-2 on the medium (Fig. 3) is qualitatively simi- 
lar to the corresponding dependence of 0j j-}. 

From the experimental data which are given in 
the present work and elsewhere," one can deter- 
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FIG. 2. Dependence of o; ;_, on the charge of the ion 
nucleus Z for v = 2.6 x 10° eee a — in helium (@) and 
nitrogen (©); b — in krypton (@) and argon (0). For P and 
Ar ions (Z = 15 and 18), the values of oj ;_3 are also shown 


(A and ~ The values of i are given at the points and curves. 


FIG. 3. Capture cross sections of 
two electrons by ions of phosphorus 
(@) and nitrogen (©) in gases with 
atomic number Z, for v = 4.1 x 10° 
cm/sec. The values of oj ;_3 (A) are 
also given for argon ions. The initial 
charge of the ions is shown on the 
curves, 


mine the ratio of the two-electron capture cross 
sections to the single-electron capture cross sec- 
tion, ni,i-2 = %i,i-2/%i,i-1- Typical values of nj,j-» 
are shown in Figs. 4 and 5. Im all cases, nj,j-2 < 1. 
The largest values of nj,j-2 ~ 0.2 were obtained 
for N, P, Ar, and Kr ions with i=4—6, and the 
smallest values, nj,j-2 ~~ 0.01, for doubly charged 
ions of He, Li, B, Ne, Na, and Mg. For ions of a 
given element the values of nj,j-, increase along 
with increase of i; however, for large values of 
Ni,i-2 ~ 0.2, the dependence of nj,j-2 on i weakens 
and the nj,i-2 become practically constant. With 
increase in the velocity, the values of nj,j-, de- 
crease (Fig. 5). 

The values of nj,j-2 depend weakly on the me- 
dium (Fig. 4) and only in helium at v = 8 x 10° 
cm/sec are they much less than in the other gases: 
for all ions, nj,j-2 < 0.01. 

, Like the one- and two-electron capture cross 
sections, the values of nj,j-2 depend strongly on 
Z. The dependence of nj j-2 on i and Z can usu- 
ally be reduced to a dependence of this quantity on 
I—the binding energy of the electron in the ground 
state of an ion with charge i-—2 (Fig. 4). Excep- 
tions are the ratios Nj,i-2 for neon ions with vari- 
ous charges i and for the ions Na*® and Ar*?, 
which are shown to be much smaller than for the 
other ions. As is seen from Fig. 4, at v = 2.6 

x 108 cm/sec, the values of nj,i-2 are identical in 
the case of capture of electrons by the L and M shells, 
while for v = 4.1 x 10° cm/sec, they differ by not 
more than a factor of two. For ions with i= Z 

at v> 4x 108 cm/sec, the values of Ni,i-2 are ap- 
proximately one-half those for the capture of L 
electrons. 

The three-electron capture cross sections 
Oj,i-3, as the experimental results for ions of B, 
N, and Ar show, are changed more strongly witha 
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change of i than the two-electron capture cross 
sections. Therefore, for increase of i, the ratio 
of the three-electron capture cross section to the 
two-electron capture cross sections (7j,j-3 

= Gi ,i-3/0i,i-2) increases, as does nj,i-2- More- 
over, for all ions for which the three-electron 
capture cross sections have been determined, the 
values of nj,j-3 = 0i,i-3/@i,i-2 coincide, within the 
limits of experimental error, with the values of 
Ni-1,i-3 = [i-1,i-3/Ci-1,i-2 for ions of the same 
element with initial charge smaller by one. For 
N ions in nitrogen, this coincidence is shown in 
Fig. 5. 


FIG. 5. Values of Nii 
= Op 2/03, res | ihteckenad: points) and 
cee ee Dies i+ 1-9 2/Fi44, 5-1 (clear 
points) as a function of i for N ions 
in nitrogen at the velocities: 0, @— 2.6 
x 10°; A, A— 4.1 x 10°; V, V—5.7 
x10"). @, Ge 8.0 1037, O 10-7 
x 10° cm/sec. 


In a similar way, the four-electron capture 
cross sections oj j-4 give values of Ni ima 07 f4/ 
Oj,i-3 Close to nj-4,i-4 = O{-1,i-4/0i-1,i-3- Thus for 
ions of a given element, nj,j-2 ~ nis 1,i-2 © Ni+2,i-2 
or Oj,i- -2/0j, i-1 ~ %+1,i- -2/ Gist, i-1 * %+2,i- Tee i-1: 
that is, the ratio of the cross sections for the cap- 
ture of s and s—1 electrons, Ni,i-s» is determined 
by the value of the charge of the ions formed, i-—s 
and i+1-—s, and for fixed value of the latter does 
not depend on s. 

If we compare the cross section for the capture of 
different numbers of electrons, leading to the for- 
mation of ions with the same final charge k, then 
it is shown that the cross sections Ok+s,k decrease 
with increase in the number of captured electrons, 
while the ratio of the cross sections Ok+s+1,k/Okeg ik 
does not exceed 0.5. For approximate estimates, 


one can assume that Ok+s,k ~ exp (—as) with an 
exponent a~ 1—3. 


3. DISCUSSION OF RESULTS 


Experimental data which can be directly com- 
pared with the results of the present research ex- 
ist only for ions of He in helium and air at v<5 
x 108 cm/sec in the work of Allison.“! For v 
= 4x 108 cm/sec, the value of og) in helium which 
we obtained is the same as the result of Allison, 
while the value of oy) in nitrogen is 25 percent 
smaller than Og in air, i.e., the difference lies 
within the limits of experimental error. For v 
= 4.7 x 10° cm/sec, the values of o9) of Allison"! 
are evidently too high, since the experimental data 
of the present work and theoretical calculations) 
demonstrate the rather rapid drop in the cross sec- 
tion O99 with increase in the speed of the ions. Ex- 
perimental data on two-electron capture cross 
sections of nitrogen ions, which we obtained ear- 
lier,”] are in agreement with the results of the 
present research. The values of 029 for He ions 
in helium, computed in the Born approximation by 
Gerasimenko and Rozentsveig, [6] are approximately 
twice as large as the experimental; the dependence 
of the computed cross sections on v is close to the 
experimental dependence. The speed of the ions in 
our cases is still not so large that one can expect 
better agreement with experiment from calcula- 
tions in the Born approximation. 

According to representations of the capture of 
electrons formulated in a general form by Bohr"! 
and developed in application to multicharged ions 
in the researches of our group,!"*! the single- 
electron capture cross section 0j,j-; can be rep- 
resented in the form of a product oj{nfj j-;, where 
Oj is the collision cross section of an ion possess- 
ing a charge i with an electron of an atom of the 
medium, with a transfer to the latter of an energy 
of the order of pv?/2 (yu is the mass of the elec- 
tron); n is the number of electrons in an atom of 
the medium which effectively take part in the cap- 
ture; fj,j-; is the capture probability of the elec- 
tron after the collision mentioned, as a result of 
which an ion is formed with charge i-1. 
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Applying a similar consideration to the phenom- 
ena of capture of several electrons, we can write 


C2723 0:1] 7.4—;Wof i,.i—2; 
0; ;—3 == Of ;,:-\Wef:,i—» Wf :,;-3 etc. 


where wy and ws; are the collision probabilities 
of an ion with the second and third electrons of the 
atom of the medium, in the presence of a collision 
with one and two electrons, respectively; fi i-2 
and fj,j-3 are the capture probabilities of the sec- 
ond and third electrons with the formation of ions 
possessing charges of i—2 and i-—3, respectively. 
It is then seen that in comparison with the s-elec- 
tron capture cross section, 0j,j-s, the ratio of the 
s- and (s—1)-electron capture cross sections, 
Mi,i-s = %1,i-s/%i,i+1-s, is a much simpler quan- 
tity, equal to wegfj j-s, while the quantities w, 
must by their physical meaning be determined by 
the properties of the atoms of the medium, and the 
quantities fj,j-s should be functions of the ionic 
parameters. 

In correspondence with what has been pointed 
out above, the experimentally observed dependence 
of the ratio oj j-, on I should be due to the depend- 
ence of the quantity fj,j-. on I. The decisive in- 
fluence of the electron binding energy I on the 
capture probability f, established in the present 
research, is seen to be in full correspondence 
with the electron-capture probability estimated 
by a statistical method suggested by Bohr."®] The 
general experimental dependence of 7j,j-2 on I 
for most ions is close to the dependence of f on I, 
which was suggested by one of us," according to 
which f = (2I/pv?)?/? for I< pv?/2 and f~ 1 for 
I > pv?/2. The difference is that the actual transi- 
tion to constant values nj,j-2, at least for v~3 
x 108 cm/sec, takes place at values of I somewhat 
larger than pv?/2 (Fig. 4). As experimental re- 
sults show, there also exists a certain dependence 
of the quantity fj,j;-. on the number of the shell 
being filled (Fig. 4b). 

The presence of a decisive influence of the bind- 
ing energy of the electron in the ground state of the 
ion that is formed on the probability of capture 
fj i-2 indicates that for I< uv?/2 the capture of 
electrons takes place predominantly into the ground 
state or ina state close to it with the smallest possible 
values of the principal quantum number and with a 
binding energy close to I, since the binding energy 
of the electron captured from the next shell de- 
pends essentially on the charge of the ion i, and 
is weakly associated with the value of I. The 
weakening of the dependence of the ratio 1j,i-2 
on I for | 2 pv2/2 can be considered as proof of 
the growth of the role of electron capture in highly 


excited states. Inasmuch as the velocity of the 
captured electrons relative to the ion is on the 
order of v, then for I 2 pv?/2 the electrons should 
be Arteries principally in states with binding en- 
ergy ~ uv’. 

As can be seen from Fig. 4, in the case of cap- 
ture of different (in order of enumeration) L or 
M electrons, the values of nj,j-. for the same I 
are practically identical. This means that the 
probability of capture of the second electron fi i-2 
does not depend on the number of electrons in the 
outer shell of the ion. Only in the capture of the 
last (eighth) M electron (1m) for Ar*? ions) and 
in the capture of the seventh and eighth L electrons 
(ni,i-2 for the ions Ne*®»*3 and Nat’) does a de- 
crease in the probability of capture fj,i-2 take place, 
which can explain the filling of the shell. A similar 
decrease of fj, j-. obviously takes place also in the 
capture of K electrons, as a result of which the 
values of nj,j-2 for the ions He*’, Li*® and B*® 
are shown to be one half the size of nj,j-. corre- 
sponding to capture of L electrons. 

Similarly, small values of nj,j-2 for the ions 
Ne*5:*8 +7 cannot be explained by a decrease in the 
probability of electron capture as a consequence of 
the filling of the L shell, since a decrease in the 
values of 7j,j-2 is not observed for nitrogen ions 
with the same number of electrons. Decrease in 
the probability of capture in these cases can be 
brought about by the small dimensions of the re- 
gion occupied by the L electrons in the neon ions. 
In the case of a sharp decrease in the capture 
probability of electrons in the L shell, the elec- 
trons should be captured principally in the follow- 
ing M shell. If the experimental values of nj,j-» 
for neon ions refer to the maximum binding energy 
of the electron in the M shell, then they are shown 
to be on the general curve of the dependence of 
Ni,i- 2 On I for other ions which capture electrons 
in the M shell (Fig. 4). This gives us a basis for 
assuming that the neon ions capture the second 
electron in the M shell. 

In consideration of the values of nj,j-2, atten- 
tion is called to the sharp decrease in the values 
of nj,i-2 in helium for v > 6 x 10° cm/sec, as a 
result of which (for v 28x 108 cm/sec) the val- 
ues of nj,i-2 for arbitrary ions in helium become 
much less than in other gases. The atoms of he- 
lium differ from the atoms of other gases used in 
that electrons with orbital velocities of the order 
of 10° cm/sec are lacking. In this connection, the 
observed decrease in the probability of capture of 
electrons in helium at v > 6 x 108 cm/sec can be 
regarded as a direct verification of the general 
results of theoretical calculations carried out in 
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the Born approximation! 14] and the corresponding 
qualitative considerations of Bohr, ! according to 
which the probability of electron capture reaches 

a large value only in those cases when the orbital 
velocity of the captured atomic electron is close 

to the velocity of the ion. It then follows that in 

all cases (except for capture of electrons in he- 
lium at v 2 8 x 10° cm/sec) we are dealing with 
the capture of electrons with orbital velocity close 
to the velocity of the ion. Inasmuch as the veloci- 
ties of the electrons found in the different shells 
differ widely, then one can establish the result that 
the electrons are almost always captured from one 
definite shell of the atoms of the medium for a 
given velocity of the ions. This conclusion is also 
supported by the coincidence of the ratios of one- 
electron capture cross sections in different gases 
with the ratios of the number of electrons in the 
corresponding shells of the atoms of these gases. “4 

As the resultant experimental data show, in the 
presence in the atoms of the medium of electrons 
with orbital velocities close to the velocity of the 
ions v, the values of nj,j-2 = Wofj,i-2 depend weakly 
on the atomic number of the medium Zp. It then 
follows that the probability w,. of collision of the 
ion with the second electron is approximately the 
same in all the gases used. 

One can determine the value of w, from the 
values of nj,ji-2 for those ions for which nj,j-» 
does not depend on I, when one can assume that 
fj,i-2 ~ 1. In such estimates, w, ~ 0.1—0.2. One 
can then draw the conclusion that in such a colli- 
sion of the ion with one of the atomic electrons, 
which is necessary for capturing the latter, a simi- 
lar collision with another electron takes place only 
in the case in which the distance R between the 
two electrons is not very large. The size of the 
distance R can be estimated from the relation 
w2 ~ (7/3) TR3p, where p is the mean density of 
the electrons remaining after removal of the first 
electron in the shell of the atom of the medium 
from which capture takes place. If one assumes 
that the electrons are captured from the outer 
Shell of the atoms at low ion velocities, and from 
the next shell when v ~ 10° cm/sec, then it is 
shown that in the first case R~ (0.5 —0.7) Qo, 
and in the second, R~ 0.15a 9, where ay = 0.53 
x 10-8 cm. These values of R amount to between 
0.5 and 1.0 of the mean radius of the electron shell 
from which the electrons are captured. 

Inasmuch as the experimental data obtained for 
different ions of the same element yield nj j-5 
© Ni+i,i-2 © Ni+2,i-2, One can assume that W> = W3 
~ wa and fi, i-2 © fi+1i-2 © fise,i-2. The equality 
of values of f means that the probability of elec- 
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tron capture depends only on the charge of the ion 
formed, and does not depend on the number of cap- | 
tured electrons or the initial charge. The latter is \ 
quite natural, since the interaction between the ; 
electrons is weaker than their interaction with the 
field of the atom and the ion, and therefore the 
electrons can be regarded as noninteracting with 
one another in the capture process. 

In this connection, it should be expected that 
the probability of capture of the first electron 
fj-1,i-2 must also enter into the equation 10" tr: 

If we assume that fj j-1 = fis1ji-1 = Mi+1,i-1/We 
then the total collision cross section of the ion 
with electrons of the atom of the medium noj 

= 0;,i-1/fj,i-1 can be determined from the experi- 
mental values of oj,j-1 (Fig. 6). If the ion in the 
collision of ion with electron were to act as a 
point charge of value i, then noj would be pro- 
portional to i*; Actually, for all ions except the 
ions of Ne, the values of noj increase very slowly 
with increase of i. This means that the principal 
change in the momentum of the electron takes 
place at such small distances from the nucleus 

of the ion that the effective charge of the ion i* 
acting on the electron is larger than the charge 

of the ion i, and therefore depends weakly on i. 


not, 10°? om? 


: } Wot igi ial 
FIG. 6. Values of no; = 04 ya/ Fi id = 7 
as a function of i for N ions (@, 0), Ne ions (@, ©), P ions 
(dO, m) and Ar ions (A, A) in nitrogen. The scale at the left 
and the blackened points correspond to v = 4.1 x 10°cm/sec, 
the scale at the right and the clear points correspond to 


v=5.6 x 10°cm/sec; w=0.2. 


This conclusion is also substantiated by the fact 
that no} < mR, where R, is the radius of the outer 
electron shell of the ion. The difference in values 
of ng; for ions of different elements, excluding the 
ions of Ne, and also the values of Rj of these ions, 
can be found qualitatively from the differences in 
the values of i*. Thus the assumption that fj j-1 
= fi,1,i-1 for most ions does not contradict experi- 
mental data and is acceptable. 

For the ions of Ne, for which the probability of 
capture of a second electron is anomalously small, 
and corresponds to its capture by the M shell 
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(Fig. 4), the values of no; calculated under the as- 
sumption that fj j-; = fj.1,i-1 are several times 
larger than those for the other ions (Fig. 6). There- 
fore, if this assumption is made, then it is neces- 
sary to assume that the effective charge for Ne 
ions is at least 1.5 times larger than for N ions. 
The latter can take place at distances from the 
nucleus less than ~ 0.6 a ,!!24 while no; © 10ai. 

Thus the assumption that the capture probabil- 
ity of the first electron for neon ions, fi i-1, is 
close to the capture probability of the second elec- 
tron, fj.1,i-1, leads to contradictions. If we now 
assume that fj,j-,is larger than fj,,j-,, andis 
identical with the capture probability of the L 
electron for other ions with the same values of 
I, then the values of noj are shown to be approxi- 
mately as for N ions, and no difficulties arise in 
their interpretation. It then follows that the sig- 
nificant decrease in the electron capture probabil- 
ity because of the small dimensions of Ne ions 
takes place only in the capture of two (or more) 
electrons. 

This phenomenon becomes understandable if 
we take it into account that for v ~ (3—5) x 10° 
em/sec, the capture of several electrons usually 
takes place from a region with dimensions (0.5 
— 0.7) aq in a state with mean radius of the elec- 
tron orbit greater than this quantity. However, 
with Ne ions, the radius of the L shell is known 
to be less than this value. Therefore, the elec- 
trons of the atom of the medium located at a dis- 
tance of (0.5 —0.7) a, from the first captured 
electron cannot be trapped in this shell; capture 
of several electrons in the L shell of Ne ions 
will take place from a smaller region than usual 
and the probability of capture of several electrons 
will be diminished. The probability of capture of 
the first electron is not associated with the dimen- 
sions of this region and therefore should not be 
diminished. 

In contrast with the capture of electrons for 
v < 10° cm/sec,!!-3! a definite connection between 
the cross sections and the resonance defect AE 
was not observed in the region studied by us (AE 
is the change in binding energy of the electron in 
its transition from the atom of the medium to the 
ion). The resonance charge-exchange cross sec- 
tions corresponding to AE=0 (029 for He ions 
in helium and Ar ions in argon) are not at all 
distinguished from the remaining cases of electron 
capture. At the same time, it is interesting to note 
that a change in velocity by one order of magnitude 
(from 2—5 to 26 x 10’ cm/sec) cause the ratios 
of the cross sections for nonresonance capture of 
electrons by ions of Ne, Ar and Kr (099 and 03; 


in krypton) to be changed by no more than a fac- 
tor of two. The dependence of the cross section 

on the medium is also little changed (02) for Ne 
ions in helium, argon and krypton, o3, for Kr ions 
in nitrogen and argon). The latter means that the 
behavior of the number of electrons effectively 
participating in the capture in atoms of the media 
under consideration and in the velocity range from 
~ 0.3 x 108 to ~4 x 108 em/sec changes very slowly. 
Since the cross sections for electron capture de- 
crease with increase in velocity for v > 2.6 x 10° 
cm/sec, while they increase for v< 5 x 10' cm/sec 
in a majority of cases of nonresonance capture, a 
maximum cross section should be observed in the 
unstudied range of velocities between the values 
mentioned. 

The given results make it possible to clarify 
the relative role of capture of a different number 
of electrons in the formation of charged groups of 
an equilibrium charge distribution which is estab- 
lished in the ion beam as a result of multiple -col- 
lisions of ions and atoms of the material. Inasmuch 
as the capture cross sections of several electrons 
are much less than the cross sections of capture of 
a single electron, they do not show any significant 
effect on the distribution of ions among the most 
intense charge groups. However, the relative num- 
ber of ions comprising low intensity groups, with 
charge i several units less than the mean charge 
i should be determined by the cross sections of 
capture of several electrons. 

Actually, the number of ions of charge i formed 
from ions with charge j is proportional to the quan- 
tity jj; where ; is the relative number of ions 
with charge j in the equilibrium distribution. If i 
differs from i by not more than 2 — 3, then the 
values of $j, as established in our earlier work, (13) 
are proportional to exp [-(j—i)#/207]. The cross 
sections 0jj, as shown in Sec. 2, are approximately 
proportional to exp [—(j—i)/a]. It then follows that 


@jo;; ~exp [— (j — io)?/20°], 
where ip=i-—o%a. Since j=>i+1, then the value 
of joj; for i= ip + 1 takes on a maximum value 
for j=i+1, while for i< ig—2, it does so for 
j~ ij. The latter means that ions with charges 
i<i)—2 are formed principally from ions with 
charge j ~ ip as the result of simultaneous cap- 
ture of several electrons; in this case %j 
x Oj iyi /Ti,i+t 

For i<i)j—2 significant deviations from the 
Gaussian distribution should exist in the equilib- 
rium distribution of ions. This Gaussian distribu- 
tion holds in the region of values of i where the 
capture and loss of several electrons have little 
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effect on the equilibrium distribution of the charges 
and $j ~ 4440j+4,i/0i,i+1- For i< ip—2 we have 
Bj Pipi > Pi+1%i+1,i3 therefore, the values of $j 
should be larger than the values given by the 
Gaussian formula. In most cases a~ 1—3 and 

o2 ~ 0°5—1. Therefore, oa is of the order of 
several units. For example, for N ions and v 

~ 8x 108 cm/sec, the value of a » 2—2.5, o 

~ 0.6, ix 4, so that iy ~ 2.5; it then follows that 
the particles with i= 0 should be formed princi- 
pally from doubly and triply charged ions as the 
result of simultaneous capture of two or three 
electrons. 


1N. Vv. Fedorenko, J. Tech. Phys. (U.S.S.R.) 24, 
769 (1954). 

21. P. Flaks and E. S. Solov’ev, J. Tech. Phys. 
(U.S.S.R.) 28, 599, 612 (1958), Soviet Phys. Tech. 
Phys. 3, 564, 577 (1958). 

3], P. Flaks and L. G. Filippenko, J. Tech. 
Phys. (U.S.S.R.) 29, 1100 (1959), Soviet Phys. Tech. 
Phys. 4, 1005 (1959). 

45. K. Allison, Phys. Rev. 109, 76 (1958). 

5 Nikolaev, Fateeva, Dmitriev, and Teplova, 
JETP 33, 306 (1957), Soviet Phys. JETP 6, 239 
(1958). 


6. K. Gerasimenko and L. N. Rozentsveig, 
JETP 31, 684 (1956), Soviet Phys. JETP 4, 509 
(1957). 

Nikolaev, Dmitriev, Fateeva, and Teplova, 
JETP 40, 989 (1961), Soviet Phys. JETP 13, 695 
(1961). 

8N. Bohr, The Passage of Atomic Particles 
through Matter, Kgl. Danske Vidensk. Selsk. Mat.- 
Fys. Medd. 18, 8 (1948). 

9V. S. Nikolaev, JETP 33, 534 (1957), Soviet 
Phys. JETP 6, 417 (1958). 

10D. R. Bates and A. Dalgarno, Proc. Phys. Soc. 
(London) A66, 962 (1953). 

11H. Schiff, Canad. J. Phys. 32, 393 (1954). 

127 andolt-Boérnstein, Zahlenwerte und Funk- 
tionen aus Physik, Chemie, Astronomie, Geophysik, 
Technik, Band I, Teil I, Springer-Verlag, Berlin 
(1950). 

13 Nikolaev, Dmitriev, Fateeva, and Tepolova, 
JETP 39, 905 (1960), Soviet Phys. JETP 12, 627 
(1961). 


Translated by R. T. Beyer 
22 


le 


oe 


VOLUME 14, NUMBER 1 JANUARY, 


SOVIET PHYSICS JETP 1962 


RELAXATION PHENOMENA IN THE PARAMAGNETIC RESONANCE OF Mn** IONS IN 
THE CUBIC CRYSTAL FIELD OF Sr§S 


A. A. MANENKOV and V. A. MILYAEV 


P. N. Lebedev Physics Institute, Academy of Sciences, U.S.S.R. 


Submitted to JETP editor February 25, 1961 


J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 100-105 (July, 1961) 


Relaxation phenomena in the electron paramagnetic resonance spectrum of Mn?* ions in the 
SrS lattice were studied at a frequency of 9,300 Mc/sec in polycrystalline specimens con- 
taining ~ 0.05% Mn. The spin-lattice relaxation time T, is 5 x 107° sec at 300°K, 1.5 x 107° 
sec at 77°K, 9 x 10°? sec at 4.2°K and 2.1 x 10°! sec at 1.6°K. The spin-spin relaxation 
time T,, determined from the line width at 77°K, is 6 x 10-8 sec. 

Pronounced spin-spin cross relaxation effects were observed at liquid helium tempera- 
tures. The spin-spin cross relaxation times in the Mn?* spectrum lie between 2 x 107? and 
1x 107" sec. The features of spin-lattice relaxation of ions in the S state are discussed. 

It is indicated that spin-lattice interaction may play an effective role via the covalent bond 
between the Mn2* ions and the surrounding crystal ions. 


1. INTRODUCTION 


ly the existing theory of spin-lattice relaxation 

in paramagnetic crystals it is assumed that the 
Kronig mechanism is the most effective in the ex- 
change of the electron spin energy of the paramag- 
netic ions with the thermal vibrations of the lattice. 
This consists in the modulation of the crystal elec- 
tric field by the thermal vibrations of the lattice, 
which is transmitted to the electron spins by means 
of the spin-orbit coupling. 

The case of ions in an S state (Mn**, Fe**, Gd**, 
Eu2*) in a cubic crystal field is of special interest 
in connection with the efficiency of this mechanism. 
In so far as the orbital momentum of such ions is 
zero in the ground state, there is no spin-orbit 
coupling, so that the Kronig mechanism should be 
little effective. This mechanism can only occur 
for ions in an S state if there is admixture of 
higher orbital states, with non-zero orbital mo- 
mentum, to the ground state. 

In the present work we have undertaken a study 
of the spin-lattice relaxation of Mn?* ions in SrS 
crystals. As was shown by a study of the paramag- 
netic resonance spectrum of Mn** in Sr8S,"™ the 
crystal field has cubic symmetry and the °S ground 
state is very weakly split (splitting ~ 10°‘ cem~'), 
This indicates that the ground state of Mn** in the 
SrS cubic lattice is almost a pure S state, and it 
would, therefore, be expected that the spin-lattice 
relaxation time should be large even at room tem- 
perature. However, it turned out that the spin- 


lattice relaxation time of Mn** in SrS is fairly 
short (~ 107° sec at room temperature and ~ 107° 
sec at liquid-nitrogen temperature ). We discuss 
below these results on the basis of possible relax- 
ation mechanisms. 

Apart from features connected with spin-lattice 
relaxation, the case of Mn?* ions is also of inter- 
est from the point of view of the elucidation of the 
role of spin-spin cross relaxation, since Mn?* ions 
have a large number of hyperfine structure energy 
levels, brought about by the interaction of the elec- 
tron spin of Mn?* (S= /) with the nuclear spin of 
Mn® (I= Bhi\s The phenomenon of cross relaxation 
was analyzed in detail theoretically by Bloembergen 
et al™!] and was found experimentally and studied in 
various substances by several authors (see, for ex- 
ample,'341),* We have observed very pronounced 
cross relaxation effects in the spectrum of Mn?2* 
in SrS at liquid-helium temperatures. 


2. EXPERIMENTAL METHODS OF STUDYING 
RELAXATION PROCESSES 


The investigation of relaxation was carried out 
on SrS- Mn single crystal specimens with a Mn?* 
ion concentration of about 0.05%. 

The measurements of relaxation time were made 
with a superheterodyne radiospectrometer at a fre- 
quency of 9,300 Mc/sec at room temperature 


*The cross relaxation effects observed by Giordmaine et 
al? were explained by Bloembergen et al? as spin-spin cross 
relaxation phenomena. 
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(300° K), liquid-nitrogen (77° K) and liquid-helium 
temperatures (4.2° and 1.6°K). 

All the measurements were carried out for dif- 
ferent hyperfine structure components, m = + Y,; 
+ ¥; +/, on the lines corresponding to the elec- 
tronic transition M = ¥,—--—¥,. At 300°K the 
spin-lattice relaxation time T, was calculated 
from the line broadening produced by spin-lattice 
interaction. This broadening was determined by a 
comparison of the line widths at 300 and at 77°K. 

The value of T, at 77°K was determined by the 
method of continuous saturation of the lines. The 
method of measurement is analogous to that de- 
scribed earlier." 

The relaxation phenomena at liquid helium tem- 
peratures were mainly studied by the method of 
pulsed saturation of the lines of the spectrum. The 
block diagram of the apparatus used in these ex- 
periments is shown in Fig. 1. Saturation was pro- 
duced by square pulses from an auxiliary klystron 
generator, the frequency of which was made equal 
to the frequency of the signal klystron. 

The heterodyne only works in the intervals be- 
tween the saturating pulses, in order to avoid satu- 
ration of the heterodyne receiver by the strong 
signal from the auxiliary klystron. The pulse 
mode of operation of the saturating klystron and 
of the heterodyne klystron is produced by feeding 
the voltages from the square pulse generator onto 
the reflector. 

The observation of the relaxation curves of the 
recovery of the intensity of the absorption lines 
in the periods between the saturating pulses is 
carried out for low power levels of the signal 
klystron, working under continuous wave condi- 
tions. 

The duration of the saturating pulses 7 was 
varied in two series of experiments. Saturation 
by narrow (T= 0.1—1 usec) and by wide (1 = 70 
usec) pulses was carried out in order to separate 
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FIG. 1. Block diagram of apparatus used in the 
relaxation studies. 


the effects of spin-spin cross relaxation and of 
spin-lattice relaxation (for further details, see 
Sec. 3). 

At 4.2°K the relaxation times were also deter- 
mined by continuous saturation, in order to com- 
pare the values obtained by this method with the 
values of relaxation time determined by the pulsed 
saturation method. 


3. EXPERIMENTAL RESULTS 


The spin-lattice relaxation time T, for Mn?* 
ions in SrS at room temperature was determined 
from the line broadening, produced by spin-lattice 
interaction, of the electronic transition M = ve 
> We for the two hyperfine structure components 
corresponding to values of the nuclear magnetic 
quantum number m =+%.* The M= %,—-% 
lines are best resolved for these components. For 
both lines the value of T, is the same, equal to - 
T,;=5x 10-8 sec. At 77°K, Ty, was determined 
by the continuous line saturation method. As is 
well known, the product T,: T, is determined di- 
rectly by this method. We obtained.the value 9.2 
x 107! sec? for this product at 77°K, and this was 
the same for the two lines studied, M = Yo > ue 
m= is: The spin-spin relaxation time Ty, calcu- 
lated from the observed width Av of these lines 
at T=77°K, using the relation T, = 1/mAp, is 
6 x 10-8 sec and the spin-lattice relaxation time 
is consequently T, = 1.5 x 10 ° sec. 

At liquid helium temperature, T = 4.2°K, the 
continuous saturation method for the transition 
M='%—--—%, m=+4¥, gave the value T, = 2.9 
x 107? sec, if the same value of T, is used as at 
T=77°K. However, in the presence of spin-spin 


*Detailed data on the spectrum of Mn’+ in SrS at 300 and 
at 77°K were obtained earlier. The spectrum observed at 
liquid helium temperatures was little different from the spec- 
trum at 77°K. 
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cross relaxation, which is strongly marked in the 
spectrum of Mn?* in SrS at helium temperatures, 
the effective value of T, must be reduced three- 
fold in order that the value of T, should agree 
with the true value of the spin-lattice relaxation 
time T,; = 9x 10°? sec, determined by the direct 
method of pulsed saturation (see below). Fora 
more detailed investigation of relaxation processes 
in the paramagnetic resonance spectrum of Mn2* 
in SrS at helium temperatures, we applied the 
method of pulsed saturation of the lines. 

On saturating by narrow pulses of duration 
T= 0.1—1 psec, it was immediately noticed that 
the relaxation curve of the recovery of the absorp- 
tion line intensity J, after the action of the satu- 
rating pulses, consists of several exponentials and 
can be expressed by the formula 


J= >\ 1A; exp (—a?) + B,), 


where Aj, Qj, and Bj are constants independent 
of the time t. 

Figure 2 shows an oscillogram of a typical re- 
laxation curve, obtained for a saturating pulse 
duration tT = 1 usec, for the line of the transition 
M=¥,—-Y,, m=—¥, at T=4.2°K. The base 
line below the relaxation curve corresponds to 
the equilibrium intensity of the line in the ab- 


sence of saturation Jy) = )), Bj. It was established 
i 


that the coefficients aj of the rapidly falling ex- 
ponential are independent of temperature in the 
range 4.2 —1.6°K for all the transitions studied 
M= Y,— = m = +; +¥,; +%, while Tj = 1/aj 
has values within the limits 2—10 usec. For all 
the transitions M = ¥,—-¥,, m=+'); +%; +% 
there is a slowly falling exponential in the overall 
relaxation curve, the exponent of which decreases 
with decreasing temperature. The weighting fac- 
tor of this exponential for all the transitions studied 
is on the average ~ 50% of the equilibrium line in- 
tensity (A/J) ~ 0.5). The values of 1/aj for the 
slowly falling exponentials varied between 23 —46 
usec at 4.2°K and 150 — 200 usec at 1.6°K for the 
transitions M = , > ve corresponding to differ- 
ent components of the hyperfine structure (to dif- 
ferent values of m). 

The fact that the relaxation times Tj = 1/aj; 
for the rapidly falling exponentials are independ- 
ent of temperature, shows that these exponentials 
characterize the spin-spin interaction. The slowly 
falling exponentials evidently characterize the 
spin-lattice interaction, since the relaxation times 
corresponding to them depend on temperature. 

We carried out an experiment with saturation 
_ of the lines by broad pulses of duration 7 = 70 usec 


FIG. 2. Oscillogram of relax- 
ation curve for the transition 
M=%4%5-%, m =-% at T 
= 4,2°K. Saturating pulse dura- 
tion t = 1 sec, pulse repeat 
time tT, = 50 psec. 


in order to elucidate the nature of these two proc- 
esses. During the time of action of the saturating 
pulse, the duration of which is greater than the 
spin-spin cross relaxation time, the saturation 
processes within the spin system have time to get 
established, and after the removal of the saturat- 
ing pulse only spin-lattice relaxation should be 
observed. 

It turned out in fact that on saturating by a 
broad pulse, the relaxation curve was in the form 
of only one slowly falling exponential. Thus the 
relaxation time corresponding to this exponential 
is the spin-lattice relaxation time T;. The time 
T, is the same for all transitions 


M = 1/5 >-= “Ye, ft = Yo ates +5/, 


and has the value T,; = 90 usec at 4.2°K and T, 

= 210 usec at 1.6°K. The values 1/a; for the 
slowly falling exponentials, obtained on saturating 
by narrow pulses, are less than the values of T,. 
This fact shows that the long exponentials on satu- 
rating with narrow pulses characterize a mixture 
of spin-lattice and spin-spin cross relaxation 
processes. After carrying out the experiments 
on saturation by broad pulses it becomes more 
certain that the times Tj = 2—10 usec for the 
rapidly falling exponentials, observed in the ex- 
periments on saturation by narrow pulses, refer 
to spin-spin cross relaxation.* 


4. DISCUSSION OF RESULTS 


The following conclusions about the character 
of the relaxation processes in the spectrum of 
Mn?* in SrS can be drawn from the experimental 
results. 

1. The temperature dependence of the spin- 
lattice relaxation time follows the law T; ~ T7! 
in the range 4.2—1.6°K. This shows that single 
phonon processes are dominant in spin-lattice 
relaxation at helium temperatures. At higher 
temperatures the T,; =f(T) dependence becomes 
steeper. It is interesting to note that the reduction 
of T, on increasing the temperature from 4.2 to 


*Analogous phenomena of cross relaxation were observed. 
in the spectrum of Cot in Al,O,.° 
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300° K appears not to proceed monotonically. This 
deduction follows from the fact that the tempera- 
ture dependence follows a law Ty ~ T™”, where 
the power n, using the values of T, determined 
at 300, 77 and 4.2°K, comes out larger in the range 
4.2 —77°K than in the range 77 —300°K. We may 
also note that at 300°K, T, ~ T, within the limits 
of experimental errors. Investigations of spin- 
lattice relaxation at other points in the range are 
essential for drawing more reliable conclusions 
about the temperature dependence of T, in the 
range 300 —4.2°K. 

2. The Mn?* ions are in an S-state and the 
crystal field splits the energy levels of Mn?* in 
SrS little. We could therefore have assumed that 
the Kronig mechanism would be little effective for 
spin-lattice relaxation of Mn?* in SrS, and expect 
a reasonably large relaxation time T, even at 
room temperature. However, the values of T,; 
turned out to be unexpectedly small at 300 and at 
77° K. Although the Kronig mechanism can make 
a contribution to spin-lattice relaxation through 
the admixture of higher orbital states, it is pos- 
sible that other relaxation mechanisms play a 
part in the case of Mn?* in SrS. 

Al’tshuler™! discusses theoretically two mech- 
anisms which may be important for the relaxation 
of ions in an S-state: modulation, by the thermal 
vibrations of the lattice, of the magnetic (the 
Waller mechanism ) and exchange interactions 
between paramagnetic ions. Detailed calculations 
are necessary to estimate the contribution of these 
mechanisms to the spin-lattice relaxation of Mn?* 
in SrS, although it appears unlikely that it can be 
large, in so far as the concentration of Mn2* ions 
in the specimens studied is small (~ 0.05%). 

Apart from the relaxation mechanisms noted 
above, we assume that for Mn2* in SrS, spin- 
lattice relaxation can be brought about by the 
modulation of the covalent bonding of Mn?* with 
the surrounding diamagnetic ions. This mechan- 
ism has not so far been discussed theoretically, 
but it may be effective in substances with covalent 
bonding. The reduction in the hyperfine structure 
constant for Mn?* in this compound "1 indicates 
the existence of covalent bonding of Mn** in SrS 
with the surroundings. 

3. Spin-spin cross relaxation is strongly marked 
in the relaxation processes of Mn?* in xe at 
liquid helium temperatures. 


This cross relaxation may be brought about in 
the spin system by transitions news energy 
levels of the electron spin of Mn?2*, correspond- 
ing to different electron and nuclear states (dif- 
ferent values of the electronic, M, and nuclear, m, 
magnetic quantum numbers). In other words, cross 
relaxation in the paramagnetic resonance spectrum 
of Mn** may proceed between different components 
of the hyperfine structure, corresponding to one and 
the same electronic transition, and also between 
lines belonging to different electronic transitions 
within each component of the hyperfine structure. 
Mn2* ions have a large number of energy levels, 
equal to (2S + 1)(21+ 1) = 36, and a complicated 
paramagnetic resonance spectrum consisting of 
six groups of hyperfine structure lines, with split- 
tings in these groups into several lines belonging 
to different electronic transitions. It is therefore 
difficult to give a definite interpretation of the 
cross relaxation times observed by us in experi- 
ments with pulsed saturation of absorption lines, 
since there are a large number of routes by which 
cross relaxation processes may proceed. 

The authors express their thanks to Professors 
A. M. Prokhorov and S. A. Al’tshuler for a discus- 
sion of the results. We also want to thank R. M. 
Medvedev for preparing the specimens of SrS- Mn. 
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It is shown that the angular distribution of 4 mesons from the decay of 7 mesons produced 
in strong interactions is isotropic. The deviation from isotropy observed in some cases may 
be due to the omission of some of the m-y decays when their density is very high. Emulsion 
and microscope distortions are shown to have no effect on the angular distribution. 


Fotiowie the detection of asymmetry in the 
spatial distribution of electrons from the m-p-e 
decay a number of experiments were performed 

in order to verify that the distribution of 1 mesons 
from the m-y decay is isotropic. Nearly all the 
authors who studied the m-y decay"-® arrived at 
the conclusion that the distribution of interest was 
isotropic. The work of Hulubei et al"') provides 

an exception: with a statistics of approximately 
8000 m-u decays the number of » mesons emitted 
‘‘forward’’ (relative to the direction of the 1- 
meson beam) and ‘‘backwards’’ was found to be 
smaller by 20-25% than the number emitted ‘‘right’’ 
and ‘‘left.’? Another exception is the work of Gar- 
win et al,'© who studied the distribution of ~ me- 
sons from the decay of 7 mesons produced in the 
decay of t mesons in emulsions. In this work the 
following data were obtained on the distribution of 
ut mesons relative to the direction of motion of the 
m™ meson at the instant of decay: 


All 7 mesons 


186/160 = 1.16 


E7 < 12 Mev 
71/39 = 1.8 


E7 < 15 Mev 


Back /front ratio: 85/54 = 1.6 


These data indicate the existence not only of a 
considerable ‘‘forward-backward’’ asymmetry but 
also the dependence of it on the energy of the 7 
meson from the t-meson decay. 

The photoemulsion method makes it possible to 
identify errorlessly 1-y decays and to measure 
with exceptional accuracy the projection onto the 
plane of the emulsion of the angles between a given 
direction and the direction of emission of the yu 
meson. It therefore seemed to us important to 
understand how a method so well adapted to the 
observation of 1-y decays undistorted by syste- 
matic errors, could give rise to the results ob- 
served by Hulubei et al") and Garwin et al."! 

We carried out measurements in one of the 
available to us emulsion chambers (NIKFI-R 


direction of the collimator axis. 


SEES ceed 
Direction of 
7™*-meson 

beam 


NY 
coms 


type emulsion), with layers 10x10x0.04 cm, ir- 
radiated by a ™*-meson beam whose energy at the 
output of the collimator was equal to 150 Mev. 
These 7* mesons were slowed down by additional 
filters and the density of the m-y decays in the 
emulsion itself was close to 500 events per cm 
at a distance of 2 cm from the incoming end of the 
emulsion layer, and close to 60 cm~* at a distance 
of 2— 3 cm from the opposite end. 

Prior to the measurement of the distribution of 
# mesons from the m-y decay we performed for 
control purposes measurements of the angular dis- 
tribution of a particles from thorium stars with 
3 to 5 prongs. The measurements were performed 
with a 20 x 15 magnification in the following man- 
ner. Into the field of view of the microscope ocular 
was inserted a scale, marked as shown on the fig- 
ure, and the observers recorded with the letters B, 
F, L and R the occurrence of an a particle from 
a thorium star in the corresponding quadrant of the 
scale. The results obtained by seven observers 
were in excellent agreement with each other and 
are given below: 


2 


Scale quadrant B F L R 
Number of particles 1292 1344 1266 1253 


This distribution is for practical purposes iso- 
tropic: thus for example an analysis according to 
the x? test gives the magnitude x? = 3.7 for three 
degrees of freedom. 

The second control experiment consisted of 
measurements of the angular distribution of elec- 
trons from the y-e decay relative to the same 
It is obvious that 
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this distribution too should be isotropic. We have A second group ( E, F, G) showed an effect 
selected, under 20x15 magnification, some 4100 analogous to the one found by Hulubei et al. [1] 
m-y-e decays wholly contained in = ae aie watere " Hs 7 ‘s 
layer. The following angular distribution was Sunesiet make: 593 647 560 479 
found for the electrons: Scanning efficiency: 0.77+0.03 0.72+0.03 0.66+0.03 0.63+0.03 
Scale quadrant B F L R : r ; 

ae of electrons 1027 1048 1002 1013 This result points to a large anisotropy (the 


deviation from isotropy is characterized by a va 

of approximately 37 for three degrees of freedom), 
but the analysis indicates that it is due to weaken- 
ing of scanning efficiency of operators E, F, and 

G in the quadrants L and R. 

We conclude that the present data indicate that 
the angular distribution of 4 mesons from the de- 
cay of m mesons produced in strong interactions 
is isotropic. The asymmmetry found by some of 
the observers is explained by scanning omissions. 
These omissions are apparently caused by psycho- 
logical factors: they arise under conditions of high 
m-u-decay density. If on the average several m-y 
decays appear in the field of view of the micro- 
scope operator he will leave out those decays 
which require greater attention for their identi- 
fication, i.e., the ‘‘backward’’ and ‘‘forward’’ de- 
cays (quadrants L and R). These considerations 
do not apply to mesons produced in the T decay, 
where the 7 meson can be traced from the point 
of its production, however the statistical accuracy 
of the data of Garwin et al.!® is insufficient. The 
accumulation of large numbers of t decays in 
emulsion and in bubble chambers will show whether 
one is dealing here with an exceptionally large fluc- 
tuation or an extraordinarily important physical 
phenomenon. 


Just like the previous distribution these results 
indicate isotropy. On the basis of these observa- 
tions we conclude that distortions of first order in 
the emulsion, as well as distortions that could be 
due to the microscope, have no noticeable effect on 
our measurements of angular distributions. 

Let us pass now to the consideration of the data 
on the angular distribution of 1 mesons from 1-y 
decay. 

The microscope operator would find (at 20x10 
magnification) a m-u-decay event by its vertex. 
From all a-y decays only those were selected for 
which the subsequent p-e decay took place in the 
same emulsion layer. The decay was drawn in and 
its coordinates recorded. After the scanning was 
completed the same obsezvers would repeat it using 
unchanged selection criteria and recording rules. 
This double scanning permits one to find events 
that were missed the first time and also determines 
the scanning efficiency for each observer. The first 
measurements were carried out in that region of 
the emulsion where the density of 7-u decays was 
small and amounted to approximately 60 em~*, The 
resultant angular distribution (from the data of 
seven observers) and average scanning efficiency 
of seven observers were as follows: 


Scale quadrant: F B L R 
Number of mesons: 504 540 508 487 


I ; : 
Hul 
Scanning efficiency: 0.86+0.03 0.85+0.03 0.87+0.03 0.82+0.03 ulubel, AUSLAnCeE OTe ee 


Titeica, International Conference on Peaceful Uses 


An analysis according to the x? test gives y? of Atomic Energy, NP 1283, Geneva (1958). 
~ 3 for three degrees of freedom which indicates *Bogachev, Mikhul, Petrashku, and Sidorov, 
the absence of statistically significant deviations JETP 34, 531 (1958), Soviet Phys. JETP 7, 367 
from isotropy. Furthermore, it turned out that (1958). 
the scanning efficiency was practically the same *Castagnoli, Ferro-Luzzi, and Manfredini, 
in all four quadrants. La Ricerca Scientifica 28, 1644 (1958). 

We shall now give the results obtained in the *R. L. Connoly and G. R. Lynch, Nuovo cimento 
part of the chamber where the density of 1-y de- 9, 1077 (1958). 
cays was high and approximately equal to 400 — 500 2 Crewe, Kruse, Miller, and Pondrom, Phys. 
cm~*. Here the data obtained by different observers Rev. 108, 1531 (1957). 
were in strong disagreement. The measurements * Garwin, Gidal, Lederman, and Weinrich, Phys. 


of one group of observers (whom we might denote Rev. 108, 1589 (1957). 
as A, B, C, D) were, as before, in agreement . 

with an isotropic distribution and with a scanning 

efficiency independent of the quadrant: 


Scale quadrant: F B L R 


Number of mesons: 389 405 375 360 Translated by A. M. Bincer 
Scanning efficiency: 0.80+0.05 0.73+0.05 0.73+0.05 0.76+0.05 24 
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Approximately 500 two-prong stars produced in the capture of u~ mesons by light emulsion 
nuclei are examined. The probability for emission of an Auger electron in a capture of this 
type is of the order of a tenth of a percent. Nine stars of the type 7 + C!2?—~ B!2* +p; Bl" 
— Li® + He* have been detected. The probability of such a reaction is 2 x 107? per capture 
in a carbon nucleus. It is shown that there should exist excited levels in the B’ nucleus 
with an energy ~ 19 — 26 Mev, from which breakup into Li® and He?‘ is possible. 


I N the study of stars from pu” meson capture in 
nuclear emulsion one’s attention is attracted to 
characteristic two-prong stars, consisting of ap- 
proximately collinear tracks. The short prong of 
the star represents the track of the recoil nucleus, 
whose range is, as a rule, under 10y. The pres- 
ence of visible tracks of the recoil nuclei shows 
that these stars are produced as a result of yw 
meson capture by light, and not heavy, emulsion 
nuclei. Occasionally the recoil nucleus turn out 

to be B-active (Fig. 1), and in a few cases, dis- 
cussed in detail below, we have observed its decay 
into two a particles. Additional evidence in favor 
of the hypothesis that the stars in question arise 
from capture in light nuclei is provided by the ab- 
sence of Auger electrons from the center of the 
star. Among the ~ 500 stars of the type under con- 
sideration only 2 electron tracks with energy 2 25 
kev were found, whereas approximately 20% of 
captures in heavy nuclei are accompanied by the 
emission of such electrons. 

We remark that the practical absence of Auger 
electrons among the 500 stars considered by us 
has additional meaning in connection with the well 
known experiments of Stearns et al, who noted 
a considerable deficiency of radiative transitions 
in 7 meson captures by light nuclei. According 
to their data this deficiency amounts to respec- 
tively ~40 and 20% on C and N nuclei. 

It is reasonable to assume that this decrease 
in the probability of radiative transitions is ac- 
companied by a corresponding increase in the 
probability of emission of Auger electrons. If this 
assumption is correct we should have observed 
~ 100 Auger electrons with energy > 25 kev, in- 
stead of the two that were seen. The number of 
Auger electrons seen by us is in agreement with 


\ 10m 
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FIG. 1 


that expected from the theory of radiationless 
transitions, &*>4) and we conclude that there are no 
additional radiationless transitions to compensate 
for the deficiency of radiative transitions observed 
by Stearns et al." 

As a rule the two particles observed by us are 
emitted in approximately opposite directions. This 
can be seen from the distribution of the projection 
of the angles ¥ between the directions of the tracks 
of the recoil nucleus and the other, lighter, par- 
ticle (Fig. 2). The small deviation from colline- 
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200 
FIG. 2. Distribution of 
the angles between the 
“Y tracks of the « particle and 
the recoil nucleus. 
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arity may be explained by the recoil of the nu- 
cleus, which captured the y~ meson, as a result 
of emission of a neutrino: 


p +N—+N*+\%, 


From among all observed stars of this type we 
shall discuss those which could be reliably identi- 
fied. Such stars (see Fig. 1) arise from capture 
of a ~ meson by a C! nucleus: 


ae Cl2_, Bl2* 1 y 


followed by the breakup of the excited B!2* nucleus 
into a Li® nucleus and an a particle: 


Bre* —> Li® + a. 
After stopping the Li® nucleus decays: 
Li’ — Be®+ v + B, 


and the resultant Be nucleus breaks up into two 

@ particles. We have discovered nine disintegra- 
tions of this type. Their characteristics are given 
in the table, where we show the projection # on 
the emulsion plane of the angle of emission of the 
two particles, the noncoplanarity angle Ag in the 
perpendicular plane, the ranges of the two par- 
ticles Rg and Ryj, and the total range Rog of 
the collinear a particles produced in the decay 

of Be. 

If our treatment of these stars is correct then 
there should exist a correlation between the ranges 
of the a@ particles and the recoil nucleus. The 
solid curve in Fig. 3 shows the dependence between 
the a-particle range Ry and the recoil nucleus 
range Ryj, calculated on the assumption that in 


FIG. 3. Correlation be- 
tween the ranges of the a 
particle, Rg, and the recoil 
nucleus, Ry. 
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the breakup of the B'2* nucleus the momenta of 
the two particles are equal and opposite. In the 
construction of this curve we have made use of 
the range-energy relations for @ particles and 
Li nuclei as given by Bujdoso!! and Powell." 
The experimental points on the graph correspond 
to values of R, and Ry; from the table. If one 
keeps in mind that the errors in the measurement 
of the range of the recoil nucleus in the 4—10y 
region can amount to 25 — 30%, one concludes that 
the agreement found should be considered satis- 
factory. 

Another test of the correctness of our treat- 
ment is to be found in the degree of deviation of 
the tracks from collinearity. If it is assumed 
that the momentum carried away by the neutrino 
is close to a 100 Mev, then it is easy to show that 
for the observed ranges of a@ particles and lithium 
nuclei the maximum deviation from collinearity 
should lie between 15 and 20°. This is in good 
agreement with the data in the table. 

It is of interest to estimate the probability for 
# meson capture in cl? followed by a reaction 
of the type considered. According to an approxi- 
mate estimate the nine stars were found among 
160,000 uw” decays, which can be assumed without 
too much of an error to be the number of uw me- 
sons stopped in the gelatin (C, N, and O nuclei). 
Let us assume further that the stoppings are 
equally divided among the nuclei of C, N, and O. 
It is known that approximately 10% of uw- mesons 
in carbon mesic atoms are captured by the nu- 
cleus.“"] In this manner we find for the desired 
probability 

W 29) = 0 ina 10", 


i.e., approximately 2 x 107° captures of u” mesons 


Ra, b Rii, & Eq + E,j,Mev Roa, b | S.degrees| A 9,degrees 
29.9 8.4 BES 43 SS i Kot 2 
47.9 8.2 13.8 12.9 156 7 
25.2 5,6 8.9 13,6 145 1 
31.8 8.1 14,2 10.6 AS: 4 
34.3 Geet 11.9 10.8 166 4 
96.3 LORS 16.2 9.6 180 10 
59.6 14,4 19.5 9.9 177 4 
52 8.4 14,1 15.4 180 8 
41.4 4.6 10.7 22.4 | 175 8 
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by carbon nuclei lead to the reaction under consid- 
eration. 

If we turn to the energy level diagram of 
ch. [8] we see that the investigated levels extend 
all the way to the excitation energy of 5.73 Mev, 
whereas the rest energy of the Li®+ @ system 
exceeds this excitation energy by 4.23 Mev. The 
particles in our stars, resulting from the breakup 
of the B'2* nucleus, have an energy of 9—16 Mev. 
This means that in the region of excitation ener- 
gies of 5.73 + 4.23 + (9—16) Mev, i.e., in the re- 
gion of 19 — 26 Mev, there should exist levels in 
the B’* nucleus capable of decay into Li® and an 
@ particle. 

In principle, in addition to the reaction here 
considered, many of the reactions on light emul- 
sion nuclei can be identified. To that end it is 
necessary to measure more precisely the range 


and charge of the recoil nucleus, which, apparently, 


can be done with the help of fine-grained and di- 
luted emulsions. The capture of u~ mesons by 
nuclei may turn out to be a tool for obtaining in- 
formation on the properties of light nuclei for ex- 
citation energies of 10 — 20 Mev. 


The author is grateful to E. A. Pesotskaya, 
Z. V. Minervin, E. D. Kolganov, and V. A. Smir- 
nit-skii for help in measurements. 
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The energy of gravitational waves excited during the propagation of light in a constant mag- 


netic or electric field is estimated. 


Accorpine to general relativity, light and 
gravitational waves propagate at the same speed, 
and their rays coincides with no geodetics. There- 
fore, if the waves of gravitational and light waves 
are linearly related, wave resonance, a well known 
phenomenon in radio physics, sets in and makes 
possible an appreciable transfer of energy even at 
low coupling. In the present note we estimate the 
extent of excitation of gravitational waves by light. 
The equations of a weak gravitational field in 
the presence of an electromagnetic field (see (1]) 
are 
Te = 0, 


ae ob k 
hb’? = —16mye-*1"*, tz. =0, 


vi, = a [FY F pp — 5, (fee Fimi\ |; 


AN 


pe = hy — + hi, 
(1) 


where 7K is the energy-momentum tensor of the 
electromagnetic field, FiK is the electromagnetic 
field tensor, y is the gravitational constant, and 
hj, is the perturbation of the metric tensor. 

Let us apply Eq. (1) to the propagation of light 
(field FiK) in the presence of a strong ‘‘magne- 
tizing’’ field pioik constant in space and in time. 
The energy-momentum tensor will be the sum of 
three terms: the square of the constant term, the 
square of the field of the light wave, and an inter- 
ference term describing the wave resonance. Leav- 
ing out the nonresonant terms we obtain 


Clyi SS = Foil Fp; = . 8, (Folin Bia) | p (2) 


We align the x axis with the wave vector and 
normalize the wave amplitudes to unit energy 
density: 

Fri = b(x) fet (oda h jie hes — ils 


R= Orc 


pik =a(xyV 16my/c#R? tik eikx Bc te 
. (3) 
The amplitudes f,7 and cik are dimensionless. We 
then have in the approximation of slowly varying 
amplitudes : 


ida(x)idx = V y/act FO fry Gi b (x). (4) 


The solution of (4) has the form 


a(x) = i Vylmet far CF \ FO (9) b(S) ds +a(0), (6) 
where the integration is along the ray. If a(0) 
= 0, the external field is constant and the absorp- 
tion or scattering of light along the ray is small 
in the region under consideration, i.e., b(s) 
= const, and then 


|a(x)/6(0) |? = (y/e®) FOPT?, (6) 


where T is the time of travel of the ray in a con- 
stant field. In the derivation of (6) we assumed 
the convolutions of the dimensionless amplitudes 
to be equal to unity. If the field F® is turbulent 
and random, we can estimate the energy of the 
gravitational wave by assuming that F is con- 
stant over a section of length Ry (where Rp is the 
correlation radius of the field F), after which 
it changes abruptly and at random. The amplitude 
of the light b (x) is practically constant along the 
ray. We then have for the amplitude of the gravi- 
tational wave 


xn 


Olt) =D das' Gale FV ee \ 


\ *n—1 


FO" (5)6(s)ds. 


The gravitational waves excited on each section 
will be incoherent, and we must add their energies 
and not their amplitudes. As a result we obtain 


Lalo)? = (eye RT: (7) 


For interstellar fields, putting FM = 1075 gauss, 
Ry = 10 light years, and T = 10! years, we obtain 
|a/b |? ~ 1071". The frequency of the excited grav- 
itational wave is determined by the frequency of 
the light. 

There are strong magnetic fields also inside the 
stars, and consequently generation of gravitational 
waves is also possible. Formula (5) is applicable 
in this case, too, and the ‘‘constant”’ field F™ 
changes relatively slowly, whereas the amplitude 


84 


eS 


WAVE RESONANCE OF LIGHT AND GRAVITATIONAL WAVES 


b(s) varies rapidly as a result of light scattering. 
Thus, the correlation radius a(x) is determined 
for this case essentially by the free path of the ra- 
diation, which is the reciprocal of the opacity. @! 
Since the star is transparent to the exciting gravi- 
tational radiation, we can show that formula (7) 
yields the ratio of the gravitational radiation of 
the star to the optical one. The intensity of the 
gravitational radiation is small and of no impor- 
tance to the energy balance. The frequency of the 
gravitational radiation is determined essentially 
by the electromagnetic radiation inside the star, 
where y quanta predominate. 

Thus, the spectrum of the gravitational radia- 
tion of stars has maxima both at very low frequen- 
cies (the frequencies of planetary orbits), as well 
as in the range of y-quantum frequencies; both 


85 


portions of the spectrum have comparable energy. 

From general relativity follows also the pos- 
sibility of the inverse conversion of gravitational 
waves into light waves, but this problem is hardly 
of interest. 
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Anisotropy of y radiation in the Mossbauer effect is calculated for the case when the source 
is in a magnetic field (external magnetic field or field of ferromagnetic domains ie 


Mosspaver"s pointed out the possibility of 
direct observation of resonance scattering of y 
rays in the case when the nucleus is sufficiently 
rigidly bound to the crystal lattice. Under this 
condition, the recoil momentum can be transferred 
not to the individual nucleus, but to the lattice as a 
whole; consequently, both the emission and the ab- 
sorption of the y quantum proceed without energy 
loss. Thus, realization of resonance scattering 
requires no additional Doppler shift of the photon 
energy, and the effective scattering cross section 
reaches thereupon a large value. 

The sensitivity of the Mossbauer effect to mi- 
nute energy changes has made it possible to ob- 
serve heretofore undetected phenomena, such as 
the transverse Doppler effect or the Zeeman split- 
ting of nuclear levels.) The Zeeman effect was 
investigated in the decay of Co*’, as was the po- 
larization of y radiation. The latter phenomenon 
was observed with a source and absorber placed 
in a magnetic field sufficiently strong to orient 
the ferromagnetic domains. 

The positive results of these experiments indi- 
cate that the anisotropy of the emission of y radi- 
ation in the Méssbauer effect can be observed 
when the source is in a magnetic field. Unlike or- 
dinary experiments with oriented nuclei, such a 
phenomenon can be observed at high temperatures. 

We assume that the source is situated in a mag- 
netic field strong enough to cause a noticeable 
Zeeman splitting. This can be either an external 
field or the field of ferromagnetic domains ori- 
ented by means of a weak external field. !! 

Let us examine a nucleus situated in a magnetic 
field H, directed along the z axis, and let the nu- 
cleus emit a quantum on going from a state with 
spin J; into a ground state with spin J). When the 
magnetic field is applied, these two levels are 
split into 2J;+1 and 2J)+1 levels, respectively. 
Let 2" be the multipolarity of the y quantum. If 
we do not measure the polarization, we need not 


distinguish between magnetic and electric radiation. 


The angular distribution of radiation of multi-. 
polarity 2 with magnetic quantum number M is 
given by the expression 


Tis (8) = Diay (L, M)Px (cos 8), 
Rk 


k(k +41) 


a, = (2k + 1) [1 or Seer \CRLL: 00)C(RLL; 0M), 


where @ is the angle between the direction of ra- 
diation and the z axis, Py, a Legendre polynomial, 
k an even number, and C a Clebsch-Gordan co- 
efficient. 

The relative probability of radiation of an (LM) 
transition going to a level with magnetic quantum 
number Mg, is 


g(m,M) = |C(JLJ,; mM) |? : py [C(I LJ; mM) |, 


where the summation is over all the Zeeman com- 
ponents; we-note that 
Di g(m,M) =1. 
mM 
The intensity of the (LM) component in the @ 
direction is (og (m)M), with 


Dit (8)g(myM) =1. 


We assume that an absorber, in which resonance 
scattering can take place, is located in this direc- 
tion. We shall assume that the absorber is not in 
an external magnetic field. Two cases are then 
possible: 

a) The intensity of the magnetic field inside 
the absorber is zero, as for example in the case 
of Na,yFe(CN),* 10H,0.") In this case there is no 
Zeeman splitting and the resonant absorption takes 
place only for the transition m, = 0 — my = 0, if 
this is possible. In the opposite case, and in gen- 
eral for the observation of other components, it 
is necessary to compensate for the energy differ- 
ence in the radiation and absorption with a Doppler 
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shift."7! In this case the intensity of the transmitted 
radiation will depend only on the function ie 6) 
for the given multipole. 

b) Inside the absorber there is an unordered 
magnetic field, for example a ferromagnetic- 
domain field strong enough to produce a notice- 
able Zeeman effect. If the Zeeman splitting is 
sufficiently large, then the radiation ( m)M) can 
produce only a transition Jom) — Jym,, which is 
the inverse of the transition that takes place in 
the source nucleus. The quantization axis will 
coincide for each nucleus with the direction of 
the local magnetic field. The probability of ab- 
sorption of the component (m)M) by the unori- 
ented nuclei of the absorber is proportional to the 
probability of radiation by the unoriented nuclei, 
i.e., it can be written in the form ppg (m)M). 

In experiments on the nuclear Zeeman effect it 
is also customary to use sources with unordered 
magnetic field. The share of the component (m)M) 
in the radiation from such a source is g(m)M), 
and the observed summary probability of absorp- 
tion is 


PR = PR Dy 8%(MM) = pr/[o,  1f/a= >) g°(mM). 


mM 
We assume for the time being that all the absorp- 
tion is resonant. The probability of passage of 
the radiation through the absorber is equal, for 
each individual component, 


1—o pr g(mM), 


and the angular distribution of the transmitted ra- 
diation is given by 


F(0) =1— p— apn 2 Thi (8)g*(M), 


where p is the probability of electron absorption. 
If the fraction of the resonant radiation is f, the 
sum in this formula should be multiplied by f. 

In order to perform such an experiment it is 
necessary that the Zeeman splittings in the source 
and in the absorber be the same. If a source is 
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used with domains oriented by an external field, 

it should be sufficiently weak so that its influence 
on the Zeeman splitting can be neglected. The work 
described in ©! was performed precisely under 
these conditions. 

We shall consider briefly the case of a 14.4-kev 
transition in the decay of Cov between the levels 
J,= a and J) = %, of the Fe*’ nucleus. Because 
of the high intensity of the magnetic field of the 
domains (~10° 0e), the Zeeman splitting exceeds 
the width of the level. The angular distribution of 
M1 radiation has the form 


F()) =1— p— sf PrI9+ cos? 6). 


Thus, for an absorber 3 mg/cm? thick, contain- 
ing 76% Fe°’, we have"! 


Pr =0.543, f~0.9. 


Under these conditions the anisotropy obtained 
is 
[F(x/2) — F(x)]/F (x) ~ 0.018. 


In conclusion, the author takes pleasure in 
thanking Prof. S. Titeica for a discussion of the 
results of this work. 
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The probability of the production of tritons as a result of the indirect evaporation process 
when heavy nuclei are bombarded by protons of energy ~ 100 Mev is calculated. 


1. INTRODUCTION 


ie is known that nucleons, deuterons d, tritons t, 
helium nuclei a, and other heavier particles are 
produced in collisions between high-energy nucle- 
ons and nuclei. As a rule, these particles are 
produced as a result of a direct interaction be- 
tween the bombarding nucleon and the nucleus 

and the subsequent evaporation of the residual 
excited nucleus. However, at incident nucleon 
energies up to 100 Mev, the production reaction 
can take place through a compound state. For ex- 
ample, at an incident nucleon energy of 100 Mev 
(mean free path of a nucleon in the nucleus ~ 4 

x 10 13 em), the nucleon, in the case of a central 
collision with a heavy nucleus, can experience 
several collisions in the nucleus and lose a large 
part of its energy, as a result of which it is 
trapped in the nucleus and produces an excited 
compound nucleus. We shall consider such a 
mechanism of emission of particles. 

It is usually assumed that entire compound 
particles (d, t, a) are evaporated from the com- 
pound nucleus, but the excitation can be removed 
by other channels, in particular, by the evapora- 
tion of individual nucleons (or various combina- 
tions of them) and their subsequent uniting into 
d, t, or a close to the boundary of the nucleus 
(indirect process ). 

Kikuchi" calculated the deuteron yield by 
means of the indirect process. The basic differ- 
ence in comparison with ordinary evaporation is 
in an increase in the mean kinetic energy of the 
emitted deuterons and a change in the shape of 
the energy distribution. The probability of deu- 
teron emission in the indirect process, at large 


N regions 
Particles outside S 
Particles inside S 


2 


hy, p 
Ny 


Ny, Ne »P 


excitation, exceeds the corresponding probability 
for ordinary evaporation. 

In contrast to the case of deuterons, the indirect 
process for triton production can proceed via two 
channels: by the evaporation of two neutrons and 
one proton and their subsequent union and by the 
evaporation of a deuteron and neutron and their 
subsequent union. We calculated the triton yield 
via the first channel only and determined its en- 
ergy spectrum. The calculations were based on 
the method of Kapur and Peierls™! (see also “4 
and §3]), 


2. DETERMINATION OF THE REACTION MATRIX 


We shall consider the reaction in which a triton 
is produced in a heavy nucleus by a high-energy 
proton p 


p Az C> (A— 2a t, 


where C denotes a compound nucleus, Az is the 
target nucleus of mass number A and charge Z. 
The production of a triton can take place through 
the union of combinations of two neutrons and one 
proton undergoing evaporation. In order to take 
into account all possibilities, we divide the con- 
figuration space of two neutrons (n, and n,) and 

a proton p, which form the triton, into eight re- 
gions corresponding to different combinations of 
these particles with respect to a surface S of 
given radius rg (Yo is the distance at which the 
potential energy between nucleons nj, ny, p and 
the residual nucleus (A-—2)7 is sufficiently small; 
ro is a little bigger than the radius of the nucleus). 
The configuration space is divided in the following 
way: 


4 5 6 7 8 
Ng 
ny, Pp 


Ny, Ng, p 
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In region 1, the particles n,, Ny, and p unite into 
-atriton. The transition from 8 to 1 can take place 
through one of the regions 5, 6, 7, and then, de- 
pending on the case, through one of the regions 2, 
3, 4. In all, there are six ways of transition from 
8 to 1. We shall consider below one of these tran- 
sitions: 8-5-2-1. 

The Hamiltonian of the entire system H is 
written in the form 


H=Ho +K,p +k, + Ko +Vp +Vi +Vz 
+Vo1 +Vp. +Vie, (2) 


where Hp) is the Hamiltonian of the residual nucleus 
(A-2)7; Kp, Kj, Kp are the kinetic energy oper- 
ators of the nucleons p, ny, ng; Vp, Vi, V2 are the 
potential energies of interaction of nucleons p, nj, 
ny with the residual nucleus (A-2)7; Vp1, Vp; 
Vig are the potential energies of interaction of nu- 
cleons p and nj, p and ng, ny and ny. It is con- 
venient to express the matrix of the transition T 
by means of wave functions of the final state eos 
which are solutions of Schrédinger’s equation 


HY = EV”, (3) 


To do this, we consider the initial (p + Az) and 
final [((A—2)7 +t] states of the system. 

The splitting up of the Hamiltonian into an un- 
perturbed part and a perturbation is different for 
the initial (i) and final (f) states. In the initial 
state 


= H; =EV;, V; == Vp + Voi +Vpo. (4) 


In the final state 


ite it p21 V;, (5) 


Here Hj is the unperturbed Hamiltonian of the ini- 
tial state, Vj is its perturbation; Hg and V¢ are 
the corresponding quantities in the final state. 

We also introduce the wave functions %j and $f 
of the unperturbed Hamiltonians H, and Hg, re- 
spectively: 


H,®; —— E®,, 


V; = YV, +YVo. 


H;®; = E®;. (6) 
Then the matrix T is written in the form:'*! 
T = (YF? |Vi| ®), 


H)-1V;] ®;. 


(7) 
(8) 


We are interested in those transitions which go 
through the compound state. It is therefore neces- 
sary to exclude from matrix (7) those processes of 
triton production in which the incident proton p is 
not inside the region bounded by the surface S and 
interacts with the tails of the wave functions of 
neutrons n,; and nz (direct capture). For this 


wr = [1 + (E — ie — 


purpose, we split the perturbation V; occurring 
in (7) into two parts corresponding to the positions 
of the proton p in the initial state outside and in- 
side the nucleus: 


Ve Ve) eve (9) 


We now introduce the Hamiltonian H'®) describ- 
ing the decaying intermediate nucleus after p and 
n, have left it: 


H®) = Ho 


t+ Ke + V2, 


the Hamiltonian H‘® describing the decaying in- 
termediate nucleus after the proton has left it: 


HO) = Ho - Ky + Ke +Vi + V2 + Vie 


and the Hamiltonian of the compound nucleus H‘): 


HO Hy Ve 


We also introduce the quantities E®) = E 
—h"(kp + kj)/2M, BE = E-h’k}/2M, where 
hkp and hk; are the momenta of p and ny, and 
M is the mass of the nucleon. 

We shall consider the eigenfunctions 9}, yj), 
g§® of the Hamiltonians H, H, H®), respec- 
tively, which have complex eigenvalues w3?), wi, 
ws® (the subscripts v, uw, A indicate the level 
number). The function g satisfies on the surface 
S the boundary conditions 


(0/0r, — F (Rat2)) @Y |rmr, = 0, (8/0r, — F (Rar) 2” [rare = 9, 


(0/0rp — f (Rprp)) 9 |, toler (10) 
where the function f is given by Kapur and Peierls. ™! 
The functions y{/)’, y{?”, o{®’ corresponding to 
the complex conjugate eigenvalues W{?)*, w{?*, 
wi?)* satisfy the complex conjugate Soest 
conditions. 

The functions g are normalized in the following 


way: 


pa | gy > Tay 


ge” |= ae i, cp” | o> es N®) ae (11) 


| N‘?| =1, and similarly for g® and yg“. The 
ponies factor N occurs when gy) is BS: 
by gy’ in the usual normalization conditions 
Dike acer fan, i Xoy lay bak 
We now separate out of the matrix T given by 
formula (7) the part T(°) associated with the 
transition through the compound nucleus: 


TO = <FI | vi | ©. (12) 
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Here™] 


FI? = Q,2,2,;, 
Q,=1+4 [EF —ie —H® —K, 

— (Vor +V 52) —Liys + V1 + Velie, 
Or= 1 -_(E — te— H® 

— K,)-* (Vi +V2 — Vor +V os) — Lael, 


Q, =1 +(E — ie —H® — K, —V,)-V): (13) 


where Ly, is an arbitrary interaction potential, 
which it is convenient to choose in the form of a 
potential of a rigid sphere. 

We now expand the matrix T‘°) in the wave 
functions 9‘, 9), go“. However, the function 
FY? in (12) does not satisfy on the surface S the 
boundary conditions of the type (12) corresponding 
to the decay. Kapur and Peierls™! showed that the 
function Fy — x can be expanded in terms of 9 
if x is chosen so that the difference satisfies the 
boundary conditions. The quantity y is taken in 
such a way that all final expressions containing 
it vanish. 

It is also convenient to introduce the potential 
energy #1 Ly [in analogy to the quantity Ly, in- 
troduced in (13)] in order to separate out of Te) 
terms responsible for potential scattering. The 
matrix T(°) then takes the form 


TO = <x}? |Lp|®.> + CFP) |VP? —Lo les (14) 
ele (E ie — HO) — K, = £7)! Ll ®;, 
ee tle (6 ae = HO) Kon) Es 
x [l4+(E— ie—HoO—K,)2 
(Vi 4-Va.— Vox — Vp2)] ©. (15) 


The first term in (14) vanishes, since it describes 
the elastic scattering of the proton, and its inter- 
action with nucleons n, and ny, does not lead to the 
production of a triton because of the endothermic 
character of this transition. 

For the expansion of T‘°) in terms of 9, we 
note that the function Q,4@f in (12) satisfies the 
equation 


(E — H® — K,— K,) Qo; 


= [(Vpr +V pe) + Vie + Ly. -—— V2] Qu, (16) 
We multiply (16) on the left by the wave function 
(kikp | of the free neutron ny (momentum hk,) 
and the proton p (hkp); we take the transposed 
matrix (we shall denote it with the tilde) and act 
with it on the function gy"). Then, using the identity 


Se Vi) PZATALLOV andi 


PA YAN OVW. t 


4 (2)’ 
<Qy kikp| 
(E) a) Ww?) n) 


anit Meee ay hh oe eee 
ao) Cy kik E+ie—H® —K,—Ky 

and carrying out the summation over pv, k;, and 
Kp, we obtain 


DY) AC(v; ke) IV (E® — WP)]1-t <p?” kako| 


vkikp 
= ({1 +(E — ie — H® — K, — K,)* [V2 — Liz —Vie 
— (Vor + Vp.) 8) 1} 2215 |, (17) 


A®) (v; ke) = <Qid;| 7° — H® | kik ,@??>. (18) 


Multiplying (17) by 
1 + (E — ie—H® — K,)7(Vi + V2), 


we obtain (2,2,6¢| in the right-hand part. After 
inserting this expression into (14), T°) takes the 
form 


TO = >) A®@ (v; ke) IV? (E@ — WP] 


vik» 


x <kik 2” [1 + (Vi + V2) 


% (BE ie 19> Kae =a (19) 
The quantity A) occurring here characterizes the 
probability of the evaporation of the neutron ny, 
from the intermediate state of the nucleus (A — 1)7 
and the subsequent formation of a triton. 

Carrying out the expansion of matrix (19) in 
terms of gy) and g\®, we obtain, by similar 
arguments, 


T= 2 A® (v5 ke) INP (EO — WP)IAAG (n5 vis) 


VLA 
kikp 
x INP (Eo — W)]-1A8 (A; wk,) IMS? (E — W)]- gro. 
(20) 
Here 
Ais) (ui vig) = <kupy”’ | H — H® |p), 
AS (Ay kp) = <kpph” | — H |i» (21) 


characterize the probabilities of transition of the 
system from region 5 to region 2 (with the emis- 
sion of the neutron n,) and from region 8 to re- 
gion 5 (with the emission of the proton). The 
quantity 


trp = <9” |H — FI | xf 


characterizes the probability of the formation of a 


(22) 
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compound nucleus in the state ’ when the target 
nucleus is bombarded by protons. 

The subscript 1 of the matrix en denotes a 
given channel for the reaction; we did not indicate 
this earlier for the sake of brevity. The matrices 
for processes taking place by other channels are 
written in a similar way. The complete matrix 
element is, of course, equal to their sum 


6 
TOs ST). 


ite 


(23) 


3. CALCULATION OF THE CROSS SECTION FOR 
THE PRODUCTION OF TRITONS 


We shall calculate the cross section o (p, t) 
for the process corresponding to the matrix T‘°) 
(23). It is convenient to write it in the form of a 
dispersion formula in which terms characterizing 


the formation of a compound nucleus are separated: 


nm Ghosh 


ar WEE a1 24 
|x NY (E— Ww) 


6(p,t)= 
Here T',)p = |y,p|? is the width for the formation 
of a compound nucleus by the incident proton and 
the nucleus Az; I; is the width corresponding to 
the formation of a triton; ws® = E, -3il,, where 
E, is the energy level of the compound nucleus in 
the state A, and I is the width of this level. 

The expression for the cross section (24) must 
be averaged over the initial state and summed over 
all final states. To do this, we consider the aver- 
age of o(p, t) with respect to the energy of the 
bombarding beam, where we neglect the contribu- 
tion from cross terms: 

at eke YT, an «6d Ty, 
1G) pes ene P LT 7 2 TD) : 


(25) 


here D(EQ) is the average distance between the 
compound nucleus levels for an excitation energy 
Rig.= E}. 

Taking into account the fact that the density of 
the final states of the triton is 


2 -4nKidK,;/(20)? dE, = 3MK;i/s?h? 


where K; is the wave number of the emitted triton, 
E =h’K?/6M is the kinetic energy of the triton, 
we obtain the expression for the width It: 


Lee Bt, (26) 


B= Y} A® (v; ke) [IN@ (E@ — W)]-* AG (5 vka) 


pv kk, 
x INE (B® — WP) Abs) (A, kp) 


+ 5 similar terms from (23) (27) 


Here the symbol Z¢ denotes summation over all 
final states. 

We estimate the first term B, in the sum (27). 
Introducing the notation 


Bi(to, R: ki, k,). = <kikp| D> = <kik, | Q,9;>, (28) 
we rewrite (18) in the form 
A® (v; ky) = <gj H® — He) |9), (29) 


In (29), we neglected the effect of Lj, on the wave 
function #¢. The error in doing this is small, 
since, by choosing Ly, in the form of a potential 
of a rigid sphere, we extrapolate the given form 
of g (28) to the small volume bounded by the sur- 
face S. 

In (28), R denotes the coordinates of all the 
particles except nj, ng, p. Then 

Det 

orm (25t)3 

x | drydrye— GP POs (Eb, Ty), an Sea rR 

(30) 


Here W¢(R) is the wave function of the residual 
nucleus (A—2)7; (14, 2, fp) is the wave 
function of the internal motion of the triton; for 
our problem it is convenient to choose it in the 
form 


Dee o |= {—2(Pi-t P2)} | exp {—o (p2+ Pa)} 
eae Vin P1p2 Peps 
exp {—a (ps + pi)} 
1 PaP1 | : ie) 


We note that here #, is normalized, the parameter 
a characterizes the dimensions of the nucleus and 
the binding energy of the triton, and 


Pits line alos Pour lor Ip, pa Tena 


The calculation of g (28) gives 


g = & (ky, k,, Kz) ¥;(R) exp (igre), (32) 
pe a -| 4 4 
m2 V7 1 (a2 + gq?) (a+ 93) (a + 93) (a®+ 93) 
a) 
rs (a2 + 2) (02+ = ; 
q=K:—k—kp, qi= = Ki—k,—ky, 
qQo= = Ki —k, qs= = Ke ris Kp. (33) 


For greater accuracy in the estimate (28), we 
take into account the spin components of all par- 
ticles, except n, and p. After lengthy calculations, 
in which we neglect the recoil of the nucleus (so 
that q = K,t-k,—kp * k,), and going over to the inte- 
gral over the surface, "® we obtain for the average 
value of (29) 
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| A® (v3 ke) = (eh2/BMks) EP 2y (Re), Tov (Rs) =|'¥2 (9) 
(34) 
where, according to reference lI, 
; Tk \'/2 
Yo (v) a —( ) 


x (CY; (R) Yano 0° (Zo Fars) ins ate) > dS. (35) 
S 
is the amplitude of the width of the emission of 
nucleon ny with a momentum hk, from the inter- 
mediate nucleus(A-—1)7 in the state v. In (39) 
j1,(Kera) is the spherical Bessel function of the 
first kind and of order /,, and 


YyMio = > (2,07mzp| JM) (G20 4eHo | 5H) 


11gR-P. 2-9 


X Xu, (Fe) Xp, (Fo) Vim, (22), 


where Xy,(02) and Xu Fo) are the spin functions 
of the neutron n, and the residual nucleus (A—2)z, 
respectively; (....|..) are the Clebsch-Gordan 
coefficients; Y7 are spherical functions. 

The calculation of (21) gives 


| Ai} (us vk) fay = (h?/MR,) Ty, (hi); 
| AtS (As pk) [fay = (1H? /MRp) Tyr (Rp), (36) 
where I';,,(k;) is the width for the emission of neu- 
tron ny with momentum hk, from the intermediate 
nucleus Az in the state yu; Pp (kp) is the width for 
the emission of the proton with momentum hkp from 
the compound nucleus in the state 2. 

We insert (34) and (36) into (27) and make the 
substitution for the widths in accordance with 
Weisskopf’s formulas:"4 


Gs rien 
Tae = egey a o (Es) 
a ye Se a (AD EME, ole 
w(E®) The 5) (Es), Ppa = ONCE 3?) (Ep), 


(37) 


2v 


here w(E)), w(E™)), and w(Eg) are the level 
densities of the intermediate nuclei Az, (A-— LF; 
and the compound nucleus C, respectively, with 
excitation energies E®, E™, and Eg; o(E,), 
o) (E>); and o'P)( Ep) are the cross sections for 
the formation of intermediate nuclei Az, {A—1)7, 
and the compound nucleus C by the incident nucle- 
ons ny, Ny, and p of energy Ej, E,, and Ep; where 
these cross sections are slowly varying functions 
of the energy, and E,, E,, and Ep are eigenvalues 
of the operators Ky, Ko, Kp, respectively. After 
integration, we obtain the quantity By (1 ay 8; 
4,5; 6): 
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P’YANOV 


1, 
B, ~~ 107 (+r) 9: [w (E) 0) 5® gl” "4 


3S) = Ee 7/4 
x exp [= SS ity ae 
f2o2/M + eer 
f (Et) = {[10 ela Mag 
ee! Wo?/M +-8E,/3 ha?/M + 32 zh (3 
r > eo M WPo2/M 8) 


In the calculation of (38), we took into account 
the fact that!® 


E,tE S S 
w (E2))~w (E.)exp (— ees aie a 4 


(c) 


Cc 


w (E®) =w(E, exp(— 2”), 


where Sp and S, are the binding energies of the 
nucleons p and n, in nuclei Az and (A-1)z, 
respectively, @c¢ is the temperature of the com- 
pound nucleus C; we also took into account the 
fact that, according to reference 9, S; ~ S) ~ Sp 
in the case of heavy nuclei. 

Inserting the value of B; (38) into (26) and 
carrying out the summation over all final states 
(after going over from summation to integration): 


dE Sag 
2 \ pe \ w (E,) exp (— 


epee es, 
8, 


) dE; 


(St is the binding energy of a triton in the resid- 
ual nucleus (A-—2)7, Ef = Eg—E,—S), we obtain 
the width for the triton production: 


Ty 1.4 -10-8 (Ma/h?)? o'? 6® o” exp [— (88, + S,)/0,] 


x \ i? (Ei) Et exp (— 2E,/®.) dEr. (39) 


If we neglect the slowly varying logarithmic 
term, the integrand gives the energy spectrum 
dw (Et) of the emitted tritons: 


dw (E)) ~ Et exp (— 2E;/@.) dE}. (40) 


Calculation of the integral in (39) by the method 
of steepest descent leads to 


Py 1.1-10-3 ( * 5 gg) w2 (EY) 


Bets | eee (41) 


xX exp [tee 

Finally, we compare the width (41) with the width 
for the evaporation of a triton [te obtained from the 
ordinary theory of evaporation. For this, we intro- 
duce!!! the integral width for the evaporation of nu- 
cleons n; and p and a triton by the compound 
nucleus: 
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Te =\Te(E) dE (i =1,p,0 
Tye = (2M/r?h?) o OZ exp (— S,/®,), 
Le = (2M/r8h*) 0 82 exp (— S,/8,), 


Tie = (6M/s2h?) o 82 exp (— S,/®,), (42) 


where o)), oP), and ot) are the cross sections 
for the formation of a compound nucleus by the in- 
cident nucleons n, and p and the triton. We note 
that formulas (42) are readily derived from (37). 
As a result, we obtain 


Pa) Ty Ae) 


Ne pe 7S 


DE.) 5@ 


Ty/Viere 4.5.-10-2 2(20,) “= exp (— S,/@,). (43) 

The quantity Ticl'pe /D*(Eg) is of the order of 
unity, since the excitation energy is large.{8] The 
ratio o')/o is also of the order of magnitude of 
unity; the term fi2a2/M is equal to 0.3 Mev.* The 
binding energy S, can be taken equal to 6 Mev 
(heavy nuclei). Then 


Di/Tie ~ 1.4: 10-2 @;7 f? (20.) exp (— 6/0,) (®, in Mev). 


(44) 


For @¢ = 2.5 Mev, which corresponds to an exci- 
tation energy of 100 Mev for heavy nuclei with A 
> 200, we have 


T/T ~ 0,3. (45) 


Hence the indirect evaporation process associ- 
ated with the evaporation of the three nucleons nj, 
Ny, and p and their subsequent uniting makes an 
appreciable contribution to the cross section for 
the production of tritons. 


*The quantity « is estimated from the value of the triton 
radius Ry = 2.24 x 10 ** cm determined from a com parison of 
the binding energies of the mirror nuclei t and He): 


4 
ut fet te aula £3)» 


Ry =ty— 
4 5 
Ry = \|e1— eal] © PO (or + 2 + ps3) dpi dp dps. 


Hence a = 0.85 x 10’? cm~? and fi2a?/M = 0,3 Mev. 


We note that this result does not take into ac- 
count the probability that the particles cross the 
Coulomb barrier. If this is taken into account, the 
ratio (45) will be somewhat larger. 
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It is shown that anisotropy of the g factor (i.e., 


(July, 1961) 


anisotropy of the hyperfine structure) can 


lead to a spin-lattice relaxation time for radicals in molecular crystals that is of the order of 


10~° sec or less in the presence of orientational 


The spin-lattice relaxation mechanism of radi- 
cals in liquids is well understood at the present 
time." We have already shown™! that in most 
cases relaxation in liquids results from Brownian 
rotation of the radicals, as was suggested by 
McConnell." It is obvious, however, that McCon- 
nell’s mechanism is ineffective in solids, where 
all internal rotations are usually frozen. It can 
therefore be assumed that the spin-lattice relaxa- 
tion time T, in a solid will be considerably longer 
than in a liquid, and the literature contains indica- 
tions! that we can expect T, to be of the order of 
one second. 

We shall consider spin-lattice relaxation of a 
radical in a magnetically dilute molecular crystal, 
which is the most characteristic case. It is evi- 
dent at once that the method of calculating the re- 
- laxation transition probability in @ cannot be ap- 
plied to a solid, where the spectrum of thermal 
motions differs essentially from that given in Eqs. 
(5) and (8) of !, In complete analogy with liquids, 
the interaction between electron spin and the oscil- 
lations of individual atoms of a radical in molecu- 
lar crystals appears to be considerably weaker than 
that between spin and orientational motions of the 
radical as a whole.!4) 

Let the spin Hamiltonian be 


Pape. Hyet Anis fy, (1) 


where Eqy and Agy are the tensors of the spin- 
orbit and hyperfine interaction, respectively, with 
summation over Greek subscripts. Hg is the ex- 
ternal magnetic field component in the a direc- 
tion; Sq and Iq are the projections of the electron 
and nuclear spin operators on the @ axis (assum- 
ing that the electron spin interacts with the spin of 
only one nucleus); £ is the Bohr magneton. We 
shall assume for the sake of simplicity that the 
spin-orbit and hyperfine interactions are axially 
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oscillations. 


symmetric, i.e., in some system of coordinates 
x”y"z" fixed rigidly in the radical the tensors 
Say and Aqy are diagonal, with 


Binge =E py = E> 
AD YA ene, 


Eon — 8 , 
Agra = A | ° 


We shall use the linear model of orientational 
waves in a molecular crystal that was investigated 
in “!, assuming that in the equilibrium position the 
principal (z”) axis of g and A is parallel to the 
direction of propagation kx of orientational waves. 
Assuming that the angular deviation x from equi- 
librium is small and denoting the angle between kK 
and the magnetic field H by 9, we find that when 
x lies in a plane passing through k and H (the 
z'y’ plane in Fig. 1), the spin Hamiltonian (1) be- 
comes 


(2) 


H = bHg,, (9) S: + A) S21, + BHg,, @, X) Sx 


=e Axx (g, x) Asia fps aia Ax (px) ales (3) 
g,, (%) =, sin’g + g, cos’ g, 
Az (9) = A, sin? p + Ay cos? q, 
£,.(P, x) = Ag ix cos 29 +-¥? sin 29], 
Axx (@, x) = AA[—yx sin 29 + ¥? cos 29], 
Axz (9, x) = AA [xy cos 2p + x? sin 29], 
Ag = 2-8), AA =A)—A,. (4) 


In (3) we have neglected terms of the form 
(A, cos? g + Ay sin? gy) SyIx, which cause small 
level shifts in higher approximations, as well as 
xAA cos? 29 S,Ix terms, which do not induce 
electron spin flip. 

When waves are polarized in the perpendicular 
direction (i.e., the deviation from equilibrium oc- 
curs in the z’x’ plane, as shown in Fig. 2), Eq. (1) 
becomes 


, 
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H = PHg,, (P) Sz + Azz (#) Sel, + PE, Sx + BHE,,Sy 
PaO Any Si 1g h Arg Silz: Aye Sil 


+ Ay, Syly + AyzSy lz, (5) 


where 
Ba : Agy? sin 29, [ee = Agy cos @, Axx = — AA? sin’ g, 
Axy = Ayx = — AA x sing, Ax = — AAy? sin2q, 


Ay = AAy’, (6) 


In (5), as in (3), we have omitted all terms that are 
unimportant for our purposes. 

We thus find that in the cases of both (3) and (5), 
when calculating the probability of a relaxation 
transition between any two levels of the spin sys- 
tem, the spin Hamiltonian can be put into the form 


H = pHg (9) S: + A) SA + 4Ri1 () +¥7R2(), (7) 


where R,(¢~) and R,(@~) are linear combinations of 
the spin operators with nonvanishing matrix ele- 
ments for the transition of interest. The coeffi- 
cients in these linear combinations are functions 
of the angle ¢. 

In (7) we shall first consider the term linear in 


Ayz = AAY cos @. 
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x that is responsible for transitions involving ab- 
sorption of a single orientational phonon. The 

probability per unit time of a relaxation transition 
between spin levels (with spin flip) is given by"! 


2m 


wie = sr (LIRii2) Cite nir(ox) glo), (8) 
where (1|R,|2) is the matrix element between 
spin states 1 and 2, Yn n+i(w) = (nh/2Jw)? is the 
matrix element between states n and n+1 of the 
rotational oscillator, where J is the moment of 
inertia of the rotational oscillator, i.e., of the 
radical with respect to the appropriate axis; 
g(w)dw is the number of normal orientational 
oscillations with frequencies from w to w+dw; 
the sign < ) denotes averaging over the quantum 
numbers n; and hwy, is the separation between 
the magnetic levels 1 and 2. 

It follows from “! that for the linear model of 
orientational waves, when the centers of rotational 
oscillations of individual molecules are fixed (i.e., 
there are no interactions between orientational and 
translational oscillations) the frequencies w are 
determined from 


o=%VI+qesn , (9) 
where Q, is the frequency of rotational oscilla- 
tions of an individual molecule if all other mole- 
cules are at their equilibrium positions, q is de- 
termined by the interaction constants of the indi- 
vidual molecules and can assume values from —1 
to +1, and 7 varies from 0 to 7. It is easily seen 
that g(w), normalized to 1, is then represented by 


ee 2w (aqQ3)*] 1 — eae 1)" for OLY T= qi ial Oy Leg) ag 
0) for o< ¢ 9 SA and for ® > Q, Vi-+iql : 
In other words, unlike the spectrum of translational The transition probability per unit time is then 
vibrations, the frequency spectrum of orientational ee 
waves generally starts at some lower limit Qmin W 15 = (2n/R) | (1| Re| 2)? \ Cite ete) 
= Q,V1-—|q| instead of zero frequency. ae, 
From the Raman scattering spectra in molecu- By Ein ae tle 2 
lar crystals it follows that the frequency threshold AUS Aa mah et AE Ce) 2 Orr 
Qmin lies in the optical infrared region (Qmin Omar = %V1 +191. (11) 
>> wy,). We then obviously have g(wy,) = 0 in (8). averaging over n and using (10), we obtain 
This corresponds to the fact that the minimum en- . a 
ergy of an orientational phonon is considerably M12 he (1 Re 2)! /q7@2)” 
greater than the Zeeman quantum. Consequently, ou tas 2 
one form of energy cannot be converted directly as \ fe [( nr: BES ru: 1) ) 
into the other, and spin energy transfer to the nee : ae 
4 ((O+,) /2 
lattice requires at least two orientational phonons x ( l 3 ( ai 1))] dw, 
(a Raman transition). F (w) = exp {h (w + ,)/kT} / [(exp (hw /kT} — 1) 
Relaxational transitions of this kind involving 

two phonons are induced by the last term in (7). x (exp {2 (w+ ;)/kT} — 1)). (12) 
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It is easily shown that although the integrand in 
(12) has singularities at the ends of the integration 
range, the integral always converges when ee fab cole 
The divergence when |q| = 1 is associated with the 
use of a linear model for the orientational waves, 
and can be eliminated by employing a two-dimen- 
sional model. 

The evaluation of (12) given below leads to the 
result 
— Qinin)- 

(13) 
It can be shown that in the most interesting case, 
nQ,/kT «1, we have 


ay > > (ELBE a | 
we > ee a gh Q5, (1 — exp {hQ “max/ (kT})? 


BP se 5. }(1] Ref}? 4 aT? 
Sass 4 ~) (9) gaz ] ) Oe ion) > (14) 
where 
elle 27g (Vi +lai—Vi—la@)) 
° A(t 4a V 1 = 3@2l (3q2@—1 LV 13g) 


By calculating the matrix elements (1|R,| 2) 
we can obtain from Eqs. (12) — (14) the probability 
of a relaxational transition between any spin levels. 

We shall now consider as a specific example the 
transition 3, 3 ~ — 3, —3 in which the electron 
spin and nuclear spin are flipped simultaneously. 
For an orientational wave polarized in the z’x’ 
plane Eqs. (3) and (4) give 


| (1 | Re | 2) 2 = — AA? cos? 29. 


With polarization in the z’y’ plane, Eqs. (5) and 
(6) give 


pub iieey 2): eA AP (Lp sin’)? 


Finally, adding the probabilities of transitions in- 

duced by each of the waves, we obtain 

EO eel eae AA. BiDieawibs reese eagle 

ee ta E(q)( gla / ) leos* 29°F (1== sin? p)?] cone Q:. 
(15) 

Averaging this expression over all angles, we ob- 

tain a mean value of T, that is characteristic of 

a polycrystalline sample. The final evaluation of 

Wi2, with AA = 10 gauss and q = 3,!8) gives 


Wee 4 Wyo ~ 5 “107 T2/\? J. (16) 


Here T is the absolute temperature, v = Q,/2m in 
em™!, and J is the corresponding moment of iner- 
tia of the radical in the unit 107° g-cm’. Since the 
Raman scattering spectra in molecular crystals! 
show that the minimum frequencies of orientational 
oscillations lie in a region below 10—100 cm™! for 
J= 100 and T = 200°, we obtain 1/T,; = wy 22 
~A0> sec"; 


When orientational oscillations exist in a molec- — 
ular crystal the spin-lattice relaxation time can 
thus be smaller than 1 sec by a few orders of mag- 
nitude. This result agrees well with data obtained 
in the laboratory of V. V. Voevodskii at the Insti- 
tute of Chemical Physics of the U.S.S.R. Academy 
of Sciences. According to these data the absence 
of saturation in the electron paramagnetic reso- 
nance spectrum of some molecular crystal radi- 
cals shows that T; < 1074 sec. (We have confined 
ourselves to estimating the order of magnitude of 
T, from the simplest model of orientational waves, 
making no comparison with specific experimental 
results, since the literature contains no direct 
measurement of T, in molecular crystals, and 
whenever indirect data for T, are obtained in the 
absence of saturation we lack optical data for the 
frequency thresholds of orientational oscillations. 

We have pointed out above that a direct trans- 
formation of a Zeeman quantum into an orienta- 
tional phonon is impossible, since the spectrum 
of orientational waves begins at a minimum fre- 
quency Qyin > Wp; this result does not depend 
on whether a linear or a spatial model is being 
considered. However, the situation changes if 
orientational and translational oscillations inter- 
act. In this case (in the linear model) the fre- 
quency spectrum consists of two branches, one of 
which, as previously, begins at Qin, while the 
other branch begins at zero frequency. In the ab- 
sence of coupling between orientational and trans- 
lational oscillations the second branch represents 
pure translational waves. However, the presence 
of coupling results in the mixing of orientational 
and translational motions.“ The amplitude of 
orientational oscillations will, of course, approach 
zero as w— 0, but remain finite for any w = 0. 
Direct (single-phonon) relaxational transitions 
thus become possible. | 

If the indicated interaction is represented in 
the potential energy of the system by terms of 
the form 


~— 


Uy == @(fia1 Xi > Ya X14 7-240 1), (17) 


where x7 is the angle of deviation from the equi- 
librium position and xj, is the shift of the center 
of gravity of a molecule with index 1, then at low 
frequencies the amplitudes of rotational and trans- 
lational oscillations are related by 


2 = 

if PevGr. | Mae 48) 2 M 

ip eee —— a Ve oft 8) 
x (1+-9)98 | * (1-g)Q3 | J 


where M is the molecular mass, g = gp(MJ)~¥?, 
and Q, is the frequency of translational oscilla- 
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tions of an individual molecule if all other mole- 
cules are at their equilibrium positions. 

From (18), assuming in first approximation that 
at low frequencies translational oscillations are in- 
dependent of orientational oscillations, the prob- 
ability of a single-phonon relaxational transition 
is easily calculated: 


fe Ve CIR ey Pe Oe 8 
ee elegy? hs Get _4 703 gO | 


(19) 


This result obviously is subject to the condition of 
weak interactions between orientational and trans- 
lational oscillations. Using (17) of “!, we can show 
that this condition has the form 


QiQ3 > 8go/(1 +9). 
When hQ7,/kKT «1, Eq. (19) becomes 


AYR (APRN) 0 Wy ie 


(1 --q)? he (20) 


Lio = 
In order to determine the order of magnitude rep- 
resented by (19) and (20) it is necessary to know 
the value of gp, which can be determined experi- 
mentally only with great difficulty. 

It is easily seen that in determining the tem- 
perature dependence of relaxational transition 
probabilities when hQ,/kT «1 it is not important 
to distinguish between a linear and a spatial model. 
In this case we always have Wj, ~ T* for Raman 
transitions, and W,, ~ T for direct transitions; 
this follows directly from (8) and (12). Thus the 
experimental temperature dependence of the spin- 
lattice relaxation time in conjuction with a spe- 


cific model as described above would yield the 
characteristic parameters of a molecular crystal. 

We note, finally, that since the matrix elements 
(1|R,,.|2) differ for transitions between different 
spin levels, the values of T, must differ for differ- 
ent hyperfine lines. Moreover, (14) and (20) show 
that for a single crystal T, depends, as a general 
rule, on crystal orientation in an external magnetic 
field. Experimental confirmation of the indicated 
regularities would constitute direct evidence for 
the proposed relaxation mechanism. 
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The frequency dependence of the permittivity of a ferroelectric associated with domain wall 
displacements is considered. Numerical calculations have been made, and are compared 


with experiment for BaTiO. 


Tae motion of domain walls in ferromagnetics 
under the influence of an external magnetic field 
has been discussed theoretically in a number of 
papers.'!-9] Dispersion of the magnetic perme- 
ability associated with domain wall motion has 
been observed experimentally in ferrites (e.g., 
see 4-51), The ideas developed for ferromagnetic 
materials are applied in the present paper to fer- 
roelectrics. 

We consider a free boundary separating two 
ferroelectric regions polarized parallel to the 
boundary in opposite directions, i.e., to be defi- 
nite, we consider a single 180-degree boundary. 

It follows from energy considerations that the wall 
will be displaced by a uniform external electric 
field if it has a component parallel to the sponta- 
neous polarization inside the domains. We take 
this direction as the z axis, and the direction 
perpendicular to the wall as the x axis. We take 
as the steady-state solution, i.e., the structure of 
the stationary wall in the absence of external field, 
the solution obtained by Zhirnov.“! A feature of 
this solution is that the change with x coordinate 
of the polarization vector P is confined to the P, 
component, and P,=0. If we take the external 
electric field E along the z axis, the only com- 
ponent of the polarization vector P different from 
zero will be, as before, P,, which for brevity we 
will simply call P. 

It is convenient to write the thermodynamic po- 
tential of unit volume of a ferroelectric with cubic 
symmetry in terms of the variables P and Ujj 
(the deformation tensor ): 


F = Fy + 4x (6P/dx)? + oP? + 1 ppt 


1 2 2 
-—— 59 Cy (tixx i Uyy <; Uz2) 
Ce (Uxx Uyy + Uxy Ure + Uyy Uz2) 
1 2 2 2 
ol “5 48 (ies + Uyz =- thy2) — Qiz2P? 


+ qe (Uxx + Uyy) P? — PE, (1) 


where the energy of anisotropy, the elastic and 
electrostrictive energies, and the correlation en- 
ergy associated with the nonuniformity of P are 
included explicitly. 

We write the density of kinetic energy in the 
form 


4 Ou; 


T = 40(S) 4 (2) 


1 m ef : 
2 neat)? 


where the first term is the energy of elastic os- 
cillations (p is the density, and u,; is the dis- 
placement vector), and the second term is the 
energy of the oscillations of the ions (it is as- 
sumed"".®] that the polarization in a ferroelectric 
is due to the displacement of a definite ion, P 
=nez, where z is the displacement of the ion, 

e is the effective charge, m is the effective mass, 
and n is the number of ions in unit volume). 

The equations connecting P, uj, and ojj, the 
deformation tensor, are now obtained, following 
the usual rule, from the Lagrange density L 
= T-—F by allowing variations with respect to 
P and uj: 
m 0*P m 


ne. ot 


nez 
a 2q2 (Uxx te Uyy) a Ee EB, 


aP 


ap 
AS 2aP — 2BP? — 2q,u,,P 


@,; Sap 
(3) 
p07u,/0t? = 00;;/0x;, 0;; = OF /Ou;;, (4) 


where a decay term has been added to the left-hand 
side of equation (3); wy is the frequency of the ion 
causing the decay. In what follows we will take the 
field to depend harmonically on the time E = E)~x 
eiwt, 

The longitudinal acoustic wave along the z axis, 
arising when the field is switched on, decays with 
time. A solution can, therefore, be sought in the 
variables x and t. We introduce the dimensionless 
variable & = (x—X)/6, which is a measure of the 
distance from the instantaneous center of the wall 
X(t); V=dX/dt is the velocity of the wall, 6 
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= VK/(B—q3/c,) P? is a parameter of the wall 
thickness, and Pp, is the static polarization in the 
uniform ferroelectric. We also introduce the no- 
tation 


og = Eyne/Pym, wz = 4BP?ne®/m. (5) 


We seek a solution of the system (3) and (4) in 
the special form 


ee Wok (EVE pS) ee. V = 2e 
ui (x, t) = us (BE) + us (8) ce", (6) 


where the field Py is considered to be sufficiently 
small [see inequality (10) below] so that it is pos- 
sible to use perturbation theory with respect to p 
and uj. A solution in the form of (6) means that 
the wall, without changing its form (P°(x), uf (x) 
is the static solution!®! in the absence of the field 
E), oscillates with frequency w and velocity V. 

A small distortion of the form of the wall occurs 
due to the superposition of the small oscillations 
of ions with the same frequency w about the equi- 
librium position in the moving boundary. Such a 
type of solution is dictated by the physics of the 
situation, and is justified by the fact that a solution 
of (3) and (4) in the form given by (6) exists, and 
is determined uniquely. 

By substituting (6) in (3) and (4) we obtain, in 
the linear approximation with respect to p and uj, 
a system of linear equations in total differentials 
for p and ux (uy = uz = 0).* 

In the particular case q, = 0 (according to the 
data of Devonshire™! gq, =0 for BaTiO;), and 
on satisfying the inequalities 


wo << e?, 00, <0? (7) 


this system of equations becomes simpler, and 
leads to a single equation for p: 


‘a Pag te | le BK. q 
ay | ray jz dy | ;P 3 © meg 


‘ w, 
Beg 8 Siz CEN ER (8) 


Here we have written n= tanh ~. For the inhomo- 
geneous equation (8) to have a finite solution, the 
following condition must be satisfiedT 


*The latter is derived from the boundary conditions ujj(x) 
= 0 deep in the domains (x = + ~), Such boundary conditions 
are valid at sufficiently high frequencies: c/] < w, where c 
is the velocity of sound, | is the dimension of the crystal. 
If the reverse inequality is true, in particular when w = 0, the 
boundary conditions will be different: 0;;(x) =0 at x= + 0, 

tThis condition becomes obvious if the solution of the 
inhomogeneous second-order linear equation is written in the 
general form, and it is remembered that the second linearly 
independent solution of the homogeneous equation (8) is in- 
finite. 
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+1 

\ dnP3(n) F (n) = 0, 

= 
where F(7n) is the right-hand side of (8), and 
P3(n), the associated Legendre polynomial, is the 
finite solution of the corresponding homogeneous 
equation. From this condition is obtained the solu- 
tion for the wall velocity of interest to us: 

Peete ase 


dt 2s 


ime’, (9) 


OF h—— 10" a) 


We now make more precise the conditions under 
which expression (9) was obtained. The condition 
for a linear approximation in p and uj, is the satis- 
fying of the weaker of the inequalities 


wr << Oot: wo? << w?. (10) 


For a fixed frequency of the external field w, the 
first of these inequalities imposes a limitation on 
the value of the field strength Ey. The presence 
of significant ionic damping (w < wy) allows the 
requirement that E) be small to be weakened. The 
satisfying of conditions (10) ensures that the dis- 
tortion of the form of the moving boundary, as com- 
pared with that of the stationary boundary, is small. 
The velocity of wall displacement, as is seen from 
Eq. (9), is also small, and is proportional to the 
strength of the external field Ep. 

Condition (7), if decay is neglected, assumes 
that the frequency of the external field is small 
in comparison with the resonance frequency of the 
ions in the internal field [see formula (19) below]. 
The wall oscillates with the frequency of the exter- 
nal field, and thus condition (7) means neglecting 
the interaction of the wall oscillations with the in- 
trinsic oscillations of the ions in the internal field. 
This simplifies the problem and allows us to find 
without difficulty solution (9) for the wall velocity. 
If P? depends on the temperature T linearly, Pp? 
~ @®—T (second order phase transition), then, 
for a fixed frequency of the external field w, con- 
dition (7) imposes a limitation on the temperature, 
which must not be too close to the Curie tempera- 
ture ®. The greater the ionic damping, i.e., the 
greater wry, the stronger becomes this limitation 
[see the second inequality of condition (7)]. 

We now calculate the energy W of the boundary 
layer per square centimeter of surface: 


W= (\dx(r--F)\— \ dx(T + F)unitorm? (11) 


where the integral of the energy density of the 
uniformly polarized ferroelectric has been sub- 
tracted. To do this it is necessary to use solu- 
tions (6). We substitute them into (11) and expand 
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the integrands in series, whilst observing condi- 
tions (7), (10) and q,=0. After integrating we ob- 
tain 


VW =W,---MV—FX- (12) 
The first term of this expression 
W = +Pox/d (13) 


is the energy per unit surface area of the station- 
ary wall.* The second term, proportional to the 
square of the velocity, is the kinetic energy of the 
wall. It is natural to call the coefficient M the 
effective mass of the wall, where 


M = 4W,/8? 07 = mW ,/ne?x. (14) 


The third term, proportional to the displacement, 
is the potential energy of the wall in the external 
field.f The coefficient F is the pressure exerted 
by the field on the wall, F = —2P oE. 

According to (12) the equation of motion of the 
boundary will be 


MdV/di — Mo,V = F, (15) 


where a decay term proportional to the wall veloc- 
ity has been added. Its solution, as would be ex- 
pected, is expression (9). It would, of course, 
have been possible to write down (15) (accurate 

to within an arbitrary constant multiplier) start- 
ing from the solution (9) obtained previously, with- 
out resorting to a calculation of the wall energy 
(12). However, the calculations presented confirm 
once more the correctness of the result obtained 
(9), and enable the physical meaning to be made 
more precise, and the coefficients M and F to 

be written down explicitly. 

So far the domain wall has been considered to 
be free (if we neglect the ionic damping). This 
will apparently be the case in an ideal crystal. 
However, when inclusions and deformations are 
present in the crystal, the boundary can have equi- 
librium positions which are energetically more 
favorable, and can also encounter in its motion 
additional resistance. If it is supposed that the 
wall is elastically coupled in an equilibrium posi- 
tion, then (15) must be generalized as follows:i 

*There are misprints in the analogous expressions in 


Zhirnov’s paper:° in all formulae for ga multiplier 4 must be 
added. 
TWhen calculating the energy of a wall in a ferromagnetic 
a Similar term was erroneously omitted in * as well as in® 
(this me not, however, affect the result), The integral of the 
co 
type { dxP*(x) is, in fact, different from zero, and is pro- 
— co 
portional to the displacement of the boundary X. 
tIt would be more logical to include the imperfection of 
the crystal in the original expression (1) for the thermodynamic 
potential and hence obtain Eq. (16), 
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Md@X idt? <M (o, == o,) dX jdt ~ Moy X= FP ee) 
where Mwy is the additional frictional coefficient, 
and Mw? is the elastic coupling constant. Both 
these coefficients must depend greatly on the 
structure of the material. 

The polarization of the crystal changes, when 
the boundary is displaced a distance X, by the 
amount AP = —2P)X/l (under conditions such 
that the small distortion in the form of the wall 
can be neglected), where / is the dimension of 
the crystal. If the specimen is subdivided into 
many domains, then 7 should be understood to be 
the mean domain width. Solving (16), we obtain 
an expression for the electric susceptibility x of 
the ferroelectric due to the domain wall displace- 
ment: 


ae Low, 
pei aes o— oe i(Or-+o,) 0 (17) 
where x) is the susceptibility at the frequency 
w = 0: 
%y = 4P5/ iMag. (18) 


The resonance frequency Ww, is related to x9 by 
(18). 

We now make some numerical estimates for 
BaTiO; and compare the formula obtained, (1%); 
with the experimentally observed!*! variation of 
the dielectric constant € of polycrystalline BaTiO; 
on the frequency of the external field w/27. In 
order of magnitude, the effective mass of the ion 
is m = 107**g (the reduced mass of Ba and the 
TiO; groupis 9.4 x 10°%3g, "™ or the mass of Ti 
is 8 x 102.2). The effective charge is e = 4 x 4.8 
x 107! (twice the charge of Ba and TiO3, or four 
times the charge of Ti). The number of ions per 
ec is n= (4x 1078)-?cm~*. Thus, we have ne?/m 
= 6x 1078 sec™?. The experimental value of Py is 
4.8 x 104; according to Devonshire’s data," we 
have B=7x10-". Thus, Wg / 2m = 1.2 x 10" sec"! 
[see Eq. (5)]. Taking for x the value 3 x 107'® cm? 
(see 9), we obtain 6=1.3 x 107’ cm. The energy 
of unit area of the wall is, according to (13), Wo 
=8erg/cm?. The effective mass of the wall is, 
according to (14), M = 0.4 x 107!° g/cm’. Taking 
the experimental value"! of the susceptibility at 
the frequency w =0 as xX) = 1300/47 (€ =€x 
+ 47x), and taking the domain thickness as l = 107? 
cm, we obtain for the resonance frequency w 
from formula (18) the value wy/27 = 0.8 X 10% 
sec~!, which agrees in order of magnitude with 
the experimental value™ of 3 x 10! sec™}. 

Since there are two damping mechanisms, it 
can be expected that the sum of the damping fre- 
quencies wy + w; will be much greater than the 
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resonance frequency wy) (wy has been experimen- 
tally determined for Rochelle salt,{!! and gives 

wy /we = 2.6 x 10°8/(@-—T) sec~!). In this case 
the dispersion (17) will show, not a resonant, but 

a relaxation behavior, which is observed in ex- 
periment!*] 

It is still necessary to verify that conditions 
(7) and (10) for the applicability of formula (17) 
are satisfied. If we take Ey = 1 v/cm, then 
w, /2m = 10° sec™!. The value of w, has been ob- 
tained above. By comparing these values with the 
resonance frequency Ww , we see that in the dis- 
persion region the frequency w in fact satisfies 
inequalities (7) and (10). 

The treatment given and the numerical calcu- 
lations show that the experimentally observed 
dispersion in BaTiO, can be considered as due 
to processes of domain wall displacement (this 
idea was first advanced by Kittel "!?)), 

Apart from the dispersion considered, there 
exists in ferroelectrics another dispersion region 
at a higher frequency, associated with the intrin- 
sic oscillations of the ions [the resonance fre- 
quency Wg, (5)}.£7,10] Im distinction from the first, 


the second dispersion region should also be observed 


in a homogeneous (single-domain) ferroeletric. 


Solving the system of linearized equations in the case 


of the homogeneous ferroelectric, we obtain for the 
susceptibility 


(19) 


i 2 WP Ry neh Seda yr 
1 a Lose! (Oz w? + two), 


where x,, = /,8P%. In distinction from formula 
(10) of “9, Eq. (19) was derived taking into account 
the elastic energy and the electrostrictive energy. 
The applicability of formula (19) for all frequencies 
is limited by the single inequality wh roel hex: 
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Ey « 46P3. Taking into account that in a phase 
transition of the second kind we have P? ~ @®-T, 
this inequality imposes at a fixed field strength E) 
a limitation on the temperature T, which must not 
be too close to the Curie temperature © (for more 
detail on this question see |), 

In conclusion, it should be noted that the entire 
treatment is valid if there is a second order (but 
not a first order) phase transition in the ferro- 
electric. 

The author thanks V. L. Ginzburg and A. P. 
Levanyuk for discussing the work and for valuable 
counsels. 
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High-energy (E > 1011 ev) interactions of cosmic-ray nucleons in emulsion are analyzed 
on the basis of the excited nucleon model. The c.m.s. angular distribution of the excited 
nucleons is given. The anisotropy of the angular distribution of the shower particles and 
the multiplicity of the shower particles are examined in relation to the velocity and the 
emission angle of the excited nucleons in the c.m.s. The experimental results are com- 
pared with the prediction of the single-meson pole approximation. 


je two-center model," without stipulating a 
specific mechanism for the interaction between 
the nucleons or a mechanism for their decay, pre- 
supposes that the two colliding nucleons are excited 
to certain isobaric states. The excited nucleons, 
which have large masses, rapidly decay independ- 
ently of each other with formation of pions, and go 
to the ground state. In a frame fixed to the excited 
nucleon (radiating center), the pions are isotrop- 
ically distributed, as confirmed by numerous ex- 
perimental data obtained at high energies (see for 
example, '1), and their angular distribution in the 
center of mass system (c.m.s.) depends on the ve- 
locity of motion of the radiating centers in this sys- 
tem, v, or on the quantity y = (1—v2)7!/2.* 

If y is close to unity, the angular distribution 
of the shower particles is almost isotropic in the 
c.m.s., and if y >1, the distribution of the shower 
particles is anisotropic in the c.m.s. Thus, the 
model of excited nucleons describes various angu- 
lar distributions, the form of which in the c.m.s. 
depends on the value of y. The value of Y can be 
determined from the angular distribution of the 
shower particles in the laboratory system (l.s.) 
and from the number of mesons n, and n, pro- 
duced by the decay of each of the excited nucle- 
ons I , 


y= (y, +,)/2y,. 


In the experiments, y; and y, are determined 
from the angular distribution of the particles in 
the narrow and diffuse cones of the shower. In the 
determination of y,; and y, we do not,assume that 


*We use a system of units in which the velocity of light 
and the mass of the nucleon are equal to unity. 


the pions have a monoenergetic distribution in the 
system of the excited nucleon. 

Making use of the experimental data of Boos et 
al,™! who investigated showers with low anisotropy 
(corresponding to y = 1), we assume that the en- 
ergy spectrum of the shower particles obeys in 
the system of the excited nucleon a power law: 


N(E'\~ pn dE’ 
and therefore!’ * 
taco OTT Ya ea ee : >: Ig tgs; 
u elt 
, iG 
T2=0.77%, Ig te = —=—D) Ig te Or 
—s 


Ns = fy + Me: 


Taking account of the fact that the excited nu- 
cleons can be emitted at arbitrary c.m.s. angles 
%’ to the primary direction, we must determine 
the parameter Yq not from the formula Yg = VV172 > 
but from the expression™ 


Ye = 2-72 [y, + Yo +E’ (niyi-+ Neyo) I", 


where E’ = 0.4 Bev is the average meson energy 
in the radiating-center system. 

The emission angle # is calculated, using the 
energy and momentum conservation law, from the 
values of 7, Yo, and Yo": 


cos #’ -= (y, — yo)/V (y1 + Yo)? — 4c". 


The purpose of the present investigation was a 
study of the angular distribution of the excited nu- 
cleons in the c.m.s., its connection with the form 
of the angular distribution of the generated shower 
~~ *lg = log, tg = tan. 
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particles in the l.s. and with their multiplicity, and 
also a check on the theory of peripheral interac- 
tions in the region of superhigh energies. 


EXPERIMENTAL RESULTS 


We chose for the analysis showers with Ny S 2 
and n, = 6, formed by singly-charged or neutral 
cosmic-ray particles (nucleons) with energy 
E > 101! ev interacting in emulsion. The total 
number of showers was forty-two.* We plotted 
the integral and differential angular distributions 
of the shower particles in coordinates log tan 6 
— log tan 6, and determined the approximate num- 
ber of particles radiated by each nucleon. If the 
integral-distribution curve split into two branches, 
we determined n, and np, as the number of par- 
ticles in each branch, and if there was no split we 
assumed that the nucleons are similarly excited, 
i.e., their masses after collision are m,;=m,=m, 
and consequently the same number of mesons n, 
=n, =ng/2 is produced by their decay. We then 
calculated yj, ¥2, Yc, Y, and cos ¥’, for all the 
analyzed showers. 

The angular distribution of the excited nucleons 
in the c.m.s. is highly anisotropic (Fig. 1), with 
small emission angles predominating (25 — 30°), 

AN 
WA cos gv 
ye 


FIG. 1. Angular distribution of ex- 
cited nucleons in the c.m.s. The curve 
was calculated with formula (5) (see 
below) and normalized in area with the 
histogram; the dashed line corresponds 
to isotropic distribution in the c.m.s. 


Cos 3 


but the angle reaches 70° in some showers with 
low multiplicity. Considering that the influence 
of fluctuations is particularly great at small n, 
we disregarded showers with ng < 10, and the 
form of the distribution of the excited nucleons 
was not changed thereby. For comparison we cal- 
culated the angular distribution by the theory of 
peripheral interactions in the single-meson pole 
approximation. In view of the fact that the multi- 
plicities of the shower particles of the analyzed 
showers are small on the average, it becomes 

*In many cases data on the showers were taken from pub- 


lished papers or obtained from other laboratories (Moscow, 
Leningrad, Prague, Berlin, Budapest, Krakow). 
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necessary to take account of the influence of fluc- 
tuations in the number of particles. 

Podgoretskii et al" define the fluctuations in 
the number of particles as quantities proportional 
to the square root of the number of particles: 

Ng + aVvng . The proportionality coefficient a 
depends on the type of generated particles and is 
close to unity for the case of pions. We have cal- 
culated the fluctuations in the number of particles 
generated by each excited nucleon: n,+ Vn, and 
n, + Vn, , and then determined the corresponding 
Y, and y, and evaluated the angles ¥#’ for several 
showers with different multiplicities. As a result 
it became clear that an account of the fluctuations 
in the number of particles n, and n, produced by 
each excited nucleon changes the value of the angle 
2’ very little, and the change A cos #’ = 0.03 — 0.04 
is insignificant. Thus, fluctuations in the number 
of particles do not change the form of the c.m.s. 
angular distribution of the excited nucleons. The 
fluctuations in the angular distributions were not 
taken into account rigorously, but we assume that 
such an account would not change appreciably the 
angular distribution, for otherwise there would be 
no regular connection between the multiplicity ng 
and cos ¥’, and a much greater straggle in the 
points would be observed in Fig. 2. 


FIG. 2. Dependence of the multi- 
plicity on the cosine of the angle of 
emission of excited nucleons in the 
c.m.s. The solid and dashed curves 
were calculated by the least-squares 
method. The points x and O pertain to 
showers with y, 2 12 and with 5S yc 
< 12, respectively. 


In the two-center model the multiplicity of 
shower particles is determined by the momentum 
transfer, and depends on the degree of excitation 
of the colliding nucleons, i.e., on their mass m 
after collision. We find from the experimental 
data that the masses of the excited nucleons (or 
the multiplicity of the shower mesons) depend on 
the angle at which they are emitted in the c.m.s., 
and the smaller the angle #2’, the larger the mul- 
tiplicity for a given primary-particle energy (for 
specified yg). As can be seen from Fig. 2, where 
the experimental values of the multiplicity ng and 
of cos ¥’ were plotted for two energy intervals 
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and the corresponding curves then calculated by 
the method of least squares, the multiplicity in- 
creases with decreasing angle #’. We excluded 
from consideration showers with ng < 10, but 
these do not change the general character of this 
dependence. 

We next investigated the dependence of the form 
of the angular distribution of the shower particles 
on the velocity of motion and angle of emission of 
the excited nucleons in the c.m.s. We chose as a 
characteristic of the form of the angular distribu- 
tion of the shower particles the mean-square de- 
viation"! 

o= | ¥ (ig tg 0 —ig te 0 |* 
biti 2 


cae 5 
i=1 


and the measure of departure from isotropy was 
the ratio o/djg, where Ojg = 0.31 corresponds to 
isotropic angular distribution of the PapHicles and 
to a power-law energy spectrum. 

Figure 3 shows the values of o/ojg as a func- 
tion of y. The parameter o/ojg characterizes the 
degree of anisotropy and increases (on the aver- 
age) with increasing y, i.e., the velocity of mo- 
tion of the excited nucleons in the c.m.s. The 
angle at which the excited nucleons are emitted 
in the c.m.s. is also connected with the form of 
the angular distribution of the shower particles, 
i.e., with the anisotropic parameter o/ojg. It is 
seen in Fig. 4 that the greater #’, the closer the 
angular distribution is to isotropic; at small angles 
the distribution is in most cases anisotropic. 

For many cases (see Figs. 3 and 4) the values 
of the parameter a/ Ojg were found to be less than 
unity. Were the model to be confined to an exami- 
nation of the angles #’ = 0, this fact would remain 
unexplained. The admission of large #’ into the 
model provides us with the following explanation: 


4 Lo/odis 


FIG, 3. Dependence of the 
anisotropy parameter g/ojg on y 
for the analyzed nucleon-nucleon 
showers. The histogram was con- 
structed from the average values 
of o/ois in each chosen interval 
of y, while the straight line was 
calculated by the method of least 
squares. 
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FIG. 4. Dependence of a/ojg on 
the cosine of the angle of emission 
of the excited nucleons in the c.m.s. 
The curves (solid and dashed) were 
calculated by the method of least 
squares. The points x and O pertain 
to showers with y, 2 12 and with 
5 < ye < 12, respectively. 
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the measure of the anisotropy o/ojg depends on 
two parameters y and 2’; if y ~ 1, then the dis- 
tribution is isotropic for all emission angles and 
O/ Gates 1; on the other hand, if y > 1, then the dis- 
tribution should be anisotropic but the anisotropy 
parameter o/ojg, calculated from angles obtained 
in the l.s., is less than unity at large emission 
angles J’. 

The experimental data cited are comparable 
with the deductions of the theory of peripheral in- 
teractions. This comparison is essentially quali- 
tative, since the results shown in Figs. 1 and 2 
are, first, summary material for a rather exten- 
sive interval of values of yg (5 = Ye = 70), and 
second, they are subject to unaccountable errors. 
Furthermore, it must be noted that apparently not 
all forty-two interactions correspond to the case 
of nucleon excitation, and a certain fraction of the 
showers may correspond to a virtual m7 interac- 
tion."] However, in the comparison of experiment 
with theory we shall assume that all the analyzed 
showers correspond to excitation of nucleons. 


COMPARISON OF THE RESULTS OF THE 
THEORY OF PERIPHERAL INTERACTIONS 
WITH EXPERIMENT 


A method based on perturbation theory has 
been developed in a series of papers’! for the 
description of peripheral interaction of high-energy 
nucleons. In the single-meson pole approximation, 
the results of this method are in satisfactory 
agreement with experiments on nucleon-nucleon 
interactions at energies of 9 Bev"»!% and 200 — 300 
Bev, “1,12) indicating that the peripheral interactions 
make the principal contribution at these energies. 
It is interesting to compare the theory in this ap- 
proximation with the experimental data at higher 
energies. In view of the fact that the experimental 
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material at our disposal pertains to a broad energy 
interval, a detailed comparison between theory and 
experiment is impossible. We can, however, pre- 
sent an analysis that pertains to an important char- 
acteristic of the interaction, namely the 4-momen- 
tum of the intermediate pion, exchanged by the in- 
teracting nucleons. 


The single-meson interaction of these nucleons, 
which leads to their excitation and subsequent de- 
cay, is described by the Feynman diagram shown 
in Fig. 5. For the left node of this diagram, the 
4-momentum conservation law has the form 


R = Py — Pr- 
Squaring both halves of this expression we have 


Rk = py + pi + 28,8: — 2 |po| |pil cos 4, (1) 


where k? = k*—k? is the square of the 4-momentum 
of the intermediate pion, €) is the nucleon energy 
prior to interaction, ¢, the energy of the excited 
nucleon, and # the angle between the directions of 
motion of the nucleon before and after the inter- 
action. 


FIG. 5 


Denoting by m, and m, the masses of the excited 
nucleons, we can rewrite (1) as 


he = —1— mi + 2e,e, —2V (e3 — 1) (&? — m2) cos @. 
(2) 


For the c.m.s. of the colliding nucleons, the 
energy-momentum conservation law is given by 


the equations 
@, +&=2y.,  & — My = & — my. (3) 


Hence 


&, = (4ye + m; — m3)/4yc (4) 


and we obtain finally for the momentum of the in- 
termediate pion 


2 
— ms 


—2 cos 0’ Vel 


Came ome SNe Te 
. ve Gg i, ) <n | (5) 
4¥c 


In the case of symmetrical excitation of the nu- 
cleons we have m;=m,=™m; for k? we obtain from 


(5) 
R= — 1 — m? + 2y2 — 2V (y2 — 1) (ye — m) cos 9”. (6) 
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Using (6), we have calculated for the analyzed 
interaction cases the distribution over k?, shown 


in Fig. 6. 
‘| 


10+ 


N 


FIG. 6. Distribu- 
tion of showers with 
respect to the value 
of k? calculated 
from formula (6). 
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The result obtained can be compared with the 
data of Dremin and Chernavskii,“") who found that 
the total cross section oyn(E) of the single-meson 
interaction of two nucleons agrees at energies E 
~ 200 Bev with the corresponding experimental 
value only if it is assumed that the total cross sec- 
tion of the interaction of a virtual pion with the 
nucleon, o7y(k*), is a smooth function of k? when 
k2 < CHE and decreases sharply with further in- 
crease in k*. In our case, however, k? « (7p)? 
for all showers (Fig. 6). This indicates that the 
showers which we are considering cannot be de- 
scribed by perturbation theory in the single-meson 
approximation. 

It was noted in several papers”! that in the 
single-meson approximation the c.m.s. angular 
distribution of the excited nucleons should be 
strongly anisotropic; the degree of anisotropy 
should increase with increasing y,. In addition, 
the width of the angular distribution of the excited 
nucleons is determined by the cross section |o7y (k?). 
If this cross section decreases sharply, 
starting with k? ~ (7u)?, then this is equivalent 
to the existence of a maximum angle #y9x, which 
should be considerably smaller than 7/2. Actu- 
ally, if we determine ¥j)4x from the formula 


cos = Oy — 1 — at — PV2V Gt —D) aa. 


which follows from (6), we have Ym ax = 6° 6’ when 
Ye = 10, m = 1.32 [mass of the isobar Chay 
and k? = (7y)*, whereas 3max = 2°54’ when yg = 20 
and m = 1.32. 

Greater values of m correspond to even smaller 
limiting angles. Thus, the observed angular dis- 
tribution of the excited nucleons (Fig. 1) goes far 
beyond the limits permissible in our theory. How- 
ever, if no limitations are imposed on the virtual- 
ity, we can readily obtain the theoretical angular 
distribution for fixed yg and m by using the re- 
sults of Dremin and Chernavskii.”! The curve 
shown in Fig. 1 is calculated for average experi- 
mental values of ye and m (Ye = 20, m = 4.5). 
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In spite of the fact that the assumption of the large 
virtualities is unfounded, the curve fits the ob- 
served angular distribution quite satisfactorily. 

In addition to the features of the angular distri- 
bution, the theory predicts a reduction (for Y¢ 
= const) in the mass of the excited nucleons (or 
in the multiplicity of the shower particles) with 
increasing angle #’. The prediction of such a 
tendency does not contradict experiment (Fig. 2). 
However, inasmuch as the experimental angular 
distribution is much broader than that admitted 
by the theory, it is impossible to carry out a com- 
plete graphic comparison. 


CONCLUSIONS 


1. The mass of the excited nucleons, and con- 
sequently the multiplicity of the generated mesons, 
depends on the direction of motion of the excited 
nucleons in the c.m.s. 

2. The form of the angular distribution of the 
shower particles in the laboratory system depends 
on the velocity and direction of motion of the ex- 
_cited nucleons in the c.m.s. 

3. The transfer of 4-momentum, occurring upon 
interaction of the nucleons, is in all cases large 
compared with (7)*. Therefore, if the centers 
of emission of the shower mesons are actually 
the excited nucleons and if the directions of their 
motion coincide with the axes of the cones, then 
the mechanism of excitation of the nucleons should 
be appreciably different from the single-meson 
interaction. 


SAN’KO, TAKIBAEV, and USIK 


1s, Takagi, Progr. Theoret. Phys. 7, 123 (1952); 
W. L. Kraushaar and L. J. Marks, Phys. Rev. 93, 
326 (1954). 

2Ciok, Coghen, Gierula, Holynski, Jurak, Mieso- 
wicz, Saniewska, and Pernegr, Nuovo cimento 10, 
741 (1958). 

3 Boos, Vinitskii, Takibaev, and Chasnikov, 
JETP 84, 622 (1958), Soviet Phys. JETP 7, 430 
(1959). 

41,. V. Lindern, Nuovo cimento 5, 491 (1957). 

>Burmeister, Lanius, and Meier, ibid. 11, 12 
(1959). 

6H. W. Meier, ibid. 11, 307 (1959). 

™Podgoretskii, Rozental’, and Chernavskii, 
JETP 29, 296 (1955), Soviet Phys. JETP 2, 211 
(1956). 

8p. A. Usik and V. I. Rus’kin, JETP 39, 1718 
(1960), Soviet Phys. JETP 12, 1200 (1961). 

9I. M. Dremin and D. S. Chernavskii, JETP 
38, 229 (1960), Soviet Phys. JETP 11, 167 (1960). 

i Gramenitskii, Dremin, Maksimenko, and, 
Chernavskii, Nucleon-nucleon Interaction at 9 Bev, 
preprint, 1960. 

11fD. S. Chernavski and J. Dremin, On Nucleon- 
Nucleon Interactions at Energies of 10" ev, pre- 
print, 1960. 

125. A. Slavatinskii and D. S. Chernavskii, Trans. 
Intl. Conf. on Cosmic Rays, 1, AN SSSR, 1960, 
ps 161: 


Translated by J. G. Adashko 


31 


es 


a 


POVLIET PHYSICS JETP 


VOLUME 14, NUMBER 1 


JAN UA RY) 126.2 


LIMITING VALUES OF THE 1+p SCATTERING AMPLITUDE 


V. P. KANAVETS, I. I. LEVINTOV, and B. V. MOROZOV 


Institute of Theoretical and Experimental Physics, Academy of Sciences, U.S.S.R. 


Submitted to JETP editor December 28, 1960 


J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 146-153 (July, 1961) 


Dispersion relations in which subtraction is transferred to points located at infinity are 
derived on the basis of Pomeranchuk’s assumptions regarding the asymptotic behavior of 
the scattering amplitude. In this form, the dispersion relations are most convenient for 
estimating the asymptotic behavior of the amplitude on the basis of the experimental data 
on m+p scattering. A preliminary numerical estimate of the asymptotic behavior of the 
mp scattering amplitude is presented. The question whether the validity of the dispersion 
equations at high energies is consistent with the statistical theory is considered. 


PoMERANCHUK" has shown that if the existence 
of an energy-independent limited radius of interac- 
tion is assumed, the behavior of the complex scat- 
tering amplitude of particles and antiparticles for 
an arbitrary scatterer at an angle 0° should be de- 
scribed by a function which increases to infinity no 
faster than the first power of the energy. A conse- 
quence of this is the equality of the limiting values 
of the total interaction cross sections for particles 
and antiparticles: 


5;(00) = 5,(00). (1) 


Experimental studies of the total cross sections 
of mp interactions apparently confirm Pomeran- 
chuk’s conclusions that at high energies the cross 
sections for 7* and 7 approach the same, almost 
constant value. 

In this connection, it is of interest to estimate, 
within the framework of these theoretical assump- 
tions, the asymptotic value of the real part of the 
mp scattering amplitude on the basis of the latest 
data on the behavior of the total cross sections at 
high energies. For this, it will be convenient to 
start from symmetric and antisymmetric combi- 
nations of the amplitudes D,(E) + D_(E), where 
D,(E) are the real parts of the mp scattering 
amplitudes at 0°. For such combinations at suffi- 
ciently high energy E, according to Pomeranchuk’s 
assumptions, the following relations should hold: 


C(E) = (D,(E) — D_(E)] /2E = Ce (2) 
= (D,(E) + D(E)] = Q(E), (3) 


where Q(E) is a function that increases more 
slowly than the first power of the energy, an Co 
is a constant. 


For an estimate of quantities (2) and (3), we 
should let the energy go to ihfinity in the disper- 
sion relations. For this, it is convenient not to 
fix the energy at which the second subtraction is 
made. Since many values of D,(E) are now known 
with good accuracy over a rather large energy in- 
terval, the method permits an essential increase in 
the accuracy of the determination of D,() in com- 
parison with calculations by means of the disper- 
sion relations in Goldberger’s form, in which the 
second subtraction is fixed at E=m (m is the 
meson mass). We note that the transfer of the 
subtraction to infinity leads [together with condi- 
tion (2)] to definite restrictions on the way the 
cross sections approach their limiting values. 

We shall start from the dispersion relations 
for the case of forward scattering of charged me- 
sons in the form in which they were written by 
Bogolyubov, Medvedev, and Polivanov;!?! 

1 » pt & [or (E)—% (E)I dE” 
ChE baoe OAEO) sagen ee a) By E? — E2) cpus B®) 


(4) 


f E? — Ey 
- 2f 2 2) / R2 2 
(B= eV Ue —— a 


Q(E) —Q (Er) = 2, (E* — £3)P 


ORE (6 te lic, 
\ Lor ( ares )} dE’ 
py (E'? — E?) (BE? — E*) 

r (E® — E?) 
(B2— 1?) (E{— 1?) - 
Here E?=m’+k?, r =m?/2M, f* = 0.08, M is the 
mass of the nucleon. 

Setting E? « «? « E}?, we can rewrite (4) in the 
form 


of? (5) 
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= k (5; — 9) Seni 
pe) =C(E)— aa P\ per AE + 2P Sar 


eB (op 6p) ; 
Bos cay o (6) 
where p(€) is obviously a function of € only. 

We now let Ep go to infinity for any fixed value 
of «. According to (2), the function C(E)) should 
then go over into C,,. Since p(e¢) is constant, the 
integral with Ep, in (6) also should go over to a con- 
stant as Ey—- ©. The necessary condition for this 
is the existence of the integral* 


co 


\ dE Gg 6; WE SAC). 


We then have the condition 


ETC Fe Iota ee a eet 
75 ——.__— dE’ | = —3\ ——_ dE’. 
ee ( ae \ E (EH ) iat | ae oe 
€ € (7) 
From (6) and (7) it follows that 
4 k (9; —6;) f 4 (3 — 5 ; 
C(E) — Te \ pep GE ia \ Br aE 
(eek: 1 KG, = 6p) 2 
f2P ayo = CE) Ge P \ a 


+ 27 — = Co. (8) 


Formula (8) represents the dispersion relation 
for the difference in amplitudes in which the sub- 
traction is transferred to points located at infinity. 
Setting C,,=0 and E =m in (8), we arrive at the 
summation rule of Goldberger et al.!4! 

We do not know whether the function Q(E) re- 
mains bounded as E—-~. The asymptotic behav- 
ior of Q(E) is determined by how fast of (E) 

+ o; (E) approaches the limiting value 20,,. If 

o¢ decreases monotonically beginning at some 
energy, then it can be shown (see Appendix) that, 
for sufficiently large E, a necessary condition for 
the relation 


Q(E) = Qa, (9) 


where Q. is a bounded quantity, is the existence 
of the integral 


lee) 


\ (or (E) +07 (E) — 20.0] dE' = B (e) <x, 


€ 


(10) 


This means that the difference of + a; —20,, should, 
under condition (9), tend to zero as E-—- © faster, 
on the average, than (Eln E)™!. At present, how- 
ever, we cannot give definite theoretical arguments 


*The condition under which (2) is fulfilled was obtained 
earlier by Amati, Fierz, and Glaser.’ 
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in favor of assumptions (9) or (10),* and the trans- 
ferring of the substraction points +E, to infinity 
in relation (5) does not lead to definite results. 

Nevertheless, to investigate the behavior of 
Q(E) at high energies, it is useful to introduce the 
function q(é€), which is determined by experimen- 
tally measured quantities: 


i » ER (ot +6) 
G1) = OB ae 8 \ Sareea 


m 


dE’ 


ee 
ear 


[op +o @b+2 aos, (11) 


a a? 


In the Appendix, it is shown that q(e¢) has the fol- 
lowing properties: 1) it does not depend on E under 
the condition that «2 > E’; 2) if (9) and (10) are ful- 
filled, then lim q(€) = Quo as €— ©; 3) if (9) and 
(10) are not fulfilled, then the absolute value of 
q(e) increases without limit as ¢€ increases. 


COMPARISON WITH EXPERIMENT 


Experimental information concerning of and 


D,(E) is available only up to a certain energy. 
For a number of reasons, the energy € to which 
information on oF is available is considerably 
higher than the energy E to which D,(E) is 
known. This is in accord with the conditions of 
separation e* 3S EA, Hence, for comparison with 
experiment it is convenient to separate out of (8), 
along with C,, that part of the integral in the 
limits between € and ~ for which of is not known 
at present. 

Adding and subtracting (6) and (11), we arrive 
at a system of two equations valid for E? « e?: 


q () + Ep (2) =D: (E) 


© BR (G; +5,)- ER (G,—, ) 


E?—F a 


+ alot (2) +o; ()l t=, (12) 
where 
co + — 
. 6 
p (8) = Coo + z5\ pd’. (13) 


If, in fixing €, we subtract from the experimen- 
tal data on D,(E) and of the right-hand part of 
(12) and plot the result as a function of E, we con- 
sequently obtain a straight line whose parameters 
determine q(e€) and p(¢€). From (12) it follows 
that any error in the information on the total cross 


*For this reason, the conclusions on the behavior of the 
cross sections made by Lomsadze, Lend’el and Ernst® on the 
basis of assumption (9) cannot be considered well-founded. 
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sections at energies much higher than E does not 
disturb the linear dependence of the right-hand 
part of (12) on E, but changes the values of q («€) 
and p(¢€) by the quantities 6q(¢«) and 6p(e): 


(65, (E) + 8s, (E)] dE 
Gx? , 


6q (€) = \ 


8 = 
6s, — 65, 
A4m*E ’ 


dp (e) ach dE’. (14) 
Therefore the errors in the cross sections at high 
energies have a far greater effect on the determi- 
nation of q(¢€) thanon p(e). 

To determine the parameters p(€) and q(e), 
we used the experimental data!®-%) on the values 
of D,(E). In the calculations, we used the values 
of D,(E) in the laboratory system. For the cal- 
culation of the integrals in the right-hand part of 
(12), we took all the values for oF up to 5.2 Bev 
published by the middle of 1960, except for the 
data of Devlin et al,"°) since they are in poor 
agreement with the results of the measurements 
of other authors in this energy interval.“!- 13] 

The energy interval in which the total cross 
sections are known were divided into 14 subinter- 
vals for o; and 13 subintervals for of. In each 
subinterval, the cross section was approximated 
by a quadratic parabola by the method of least 
squares. The values of the right-hand part of (12) 
as a function of E are shown in the figure in units 
of 10," cm. 

The parameters of the line for € = 5.2 Bev de- 
termined by the method of least squares are: 


p (e) = (— 0,069 -£ 0.03) -10-® em/Bev, 
g (8) = (— 0.395 + 0.01) -10-18 cm. 


In the calculation, we took f? = 0.08. 

Data on D,(m), shown in the dotted circles 
in the figure, were not included in the calculation 
of p(€) and q(«), since they were calculated 
from the experimental results used for the deter- 
mination of D,(¢) at low energies, and have al- 
ready been included in the calculations. The er- 
rors given for p(¢«) and q(¢€) were determined 
by the statistical errors in D,(E) and do not 
take into account uncertainties connected with the 
experimental data on the total cross sections and 
the approximation of the cross sections, or the 
uncertainty in fies 

The parameter q(e¢€), because of (14), is very 
sensitive to the behavior of the cross section in 
the high-energy region, and since the behavior of 
oy in the energy interval 1.9 —4.15 Bev is not 
known, the actual error in the value of q(«) can 
be several times the value cited. Therefore we 
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refrain from analyzing the variation of q(«) with 
energy. 
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Values of the right-hand part of (12) for € = 5.2 Bev based 
on the following data for Di(E): e—reference 6; m—reference 
7; X—reference 8; O—reference 9. The parameters of the line 
q(e) + Ep(€) are: q = (—0.395 + 0.010) x 107~** cm, p = (—0.069 
+ 0.030) x 10~** cm/Bev. The curves represent the right-hand 
part of expression (12) after subtraction of the term D:(E). 


It should be stressed that, although the quantity 
p(é€) is not very sensitive [as follows from (14)] 
to the measurement errors and the approximation 
of the total cross sections in the high-energy re- 
gion, an error in the approximation in the low- 
energy region can lead to a shift in the calculated 
points, and consequently, to important errors in 
p(eé). This is connected with the fact that the 
magnitudes of the principal values of the integrals 
in (12) are very sensitive to the behavior of the 
cross section in the region of resonances, and the 
contribution of the integral terms is very large. 
(The right-hand part of expression (12), after sub- 
traction of the term D,(E), is shown in the figure 
as a solid line. ) 

The only objective criterion for errors of this 
kind in the estimate of p(e€) is the degree to which 
the data shown in the figure are consistent with a 
linear dependence. In our case, the degree of 
agreement is characterized by the value 2 12608 
for 21 degrees of freedom, which corresponds to 
P (x?) = 15.5%. In this connection, we note the 
following. It can be shown that a linear depend- 
ence of the right-hand part of (12) on E is equiv- 
alent to a linear dependence of the right-hand part 


q] 
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of Schnitzer and Salzman’s"'4) formula (1+) on 
the energy. * 

Hence, experimental confirmation of a linear 
dependence of (12) reflects the validity of the dis- 
persion relations in the form given by Goldberger 
et al.“ Moreover, a check of these dispersion re- 
lations, particularly that by Zinov et al." leads 
to excellent agreement with experiment. We there- 
fore believe that more accurate values of p (€) 
can be obtained on the basis of recent experimen- 
tal data after a more correct approximation of the 
total cross sections by means of resonance curves, 
as was done, for example in “*] and "8 

In conclusion, we note that the method by which 
we determined the parameters p(e) and q(e€) is 
of full statistical value since it permits the utiliza- 
tion of all the experimental data concerning D,(E). 
The statistical error in the value of p(e¢) in the 
determination of the latter by D,(m) only, i.e., 
by means of the formulas of Goldberger et. al!*/ 

[in this case, the straight line in the figure passes 
only through the points D,(m)] is five times the 
statistical error obtained in this work. Another 
important advantage of the method is the fact that 
uncertainty in f? has comparatively little effect, 
since the contribution of the term with f? to (12) 
decreases with the energy as (m/E )2, 


DISCUSSION 


From the principle of isotopic invariance, it 
follows that the charge-exchange cross section at 
0° jg ft 


k*6,,(0) = 2.1C (BE)? +2 (4n)=? (of — 67-2: (15) 


If the statistical view is correct, then, as E—~, 
the total cross section for charge-exchange (dg x) 
should drop very rapidly to zero (as e-VE). This 
means that the right-hand part of (15) tends to 
zero as E—o, and, consequently, tf 


Ce =F (16) 


We have estimated p(e) for € = 590 and 930 
Mev, corresponding to the intergration up to the second 
and third maxima in o; and obtained the following 
values (in units of cm/Bev): 


*This statement means that, although the parameters of a 
straight line in formula (1 +) of reference 14 and formulas (12) 
of the present work are quite different quantities [C(m) and 
Q(m) in reference 14 and p(€) and q(€) in the present work], 
the same errors in the total cross sections and the values of 
D+ (E) lead in both cases to the same deviation of the calcu- 
lated points from a straight line. 

tAmati, Fierz, and Glasser’ maintain that it follows from 
assumption (2) that C. = 0, However, they did not actually 
prove this statement (in this connection, see Chew’s article).** 
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p (590Mev) = — 0.29 -10-*, 
p (5.2 Bev) = — 0.069 -10-¥, 


Hence, the absolute value of p(¢€) decreases 
rapidly. The value of (dex), corresponding to p 
(5.2 Bev) estimated by means of (15) is ~ 2 x 10 
cm2, Shalamov and Shebanov"!*! obtained the value 
(0.2 + 0.25) x 10°?’ cm? at 2.8 Bev. All this is in 
good agreement with the statistical view. 

In view of this and also in view of the already- 
mentioned uncertainties in p(¢€) connected with 
the approximation of the cross sections, we do not 
believe that the statistically significant deviation 
of our value of p (5.2 Bev) from zero definitely 
contradicts condition (16), even though in the es- 
timate of p (5.2 Bev) it was assumed that of 
=of at E= 5.2 Bev. 

-It is of interest to estimate, starting from the 
relation 


p (0.2 Bey) = Cet eee 


= 0.069 -10-#3 cm/Bev , (17) 


how the cross sections should behave at E > 5.2 
Bev under the assumption that C,,=0. It follows 
from (17) that the difference oj —of should be 
~2x107*" cm? for E > 5.2 Bev in the energy re- 
gion of ~ 50 Bev. 

The absence of information on the behavior of 
the cross section o¢ in the 1.9—4.15 Bev region 
can also lead to a deviation of p (5.2 Bev) from 
zero. We obtain the value p (5.2 Bev) = 0 if itis 
assumed that of has a maximum of area ~ 8 Bev- 
mb in the region 1.9 — 4.15 Bev, while we obtain 
o¢ =o; for E= 5.2 Bev. 

From the above, it is clear that a more accu- 
rate estimate of the value of p(¢€) is important. 

We express our deep gratitude to E. M. Landis 
for investigating the passing to the limit in ex- 
pressions (5) and (6) and I. Ya. Pomeranchuk for 
constant interest in this work and for helpful dis- 
cussions, and also I. M. Shmushkevich for his 
critical remarks. 


APPENDIX 


E. M. Landis has shown that if, as x ~ ~, the 
function f(x) tends to zero, so that, beginning with 
some value of x, it is positive and monotonic, then 
the following equality holds: 


f (x) dx 


co 
lim 
ee ae Ne 


IRIE AC 
N->0o In \ 
€ 


Here, by lim we understand the low side of the 
limits over all possible sequences of N which go 


‘ 
vit Iy=\ F (2) dx. (A.1) 


p (930 Mev) = — 0.17 -10-°%, 
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to infinity. If, in particular, the limit of the nu- 
merator in (A.1) exists and is equal to A, then 
the integral I,, exists and is equal to —A. 

To elucidate the properties of the function 
q(é€) given in (11) and Q(E)) of the form (9) and 
(10), we set in (5) 


bie 26; (A. 2) 


Then (5) can be represented in the form 
: { ER (37 -+.3;)) 
Q (E) Ag? P| iy aay 


re 


ae r 
as 


dE’ + —[5; (2) + of (e)] 


0 


aaa lor (e) +7 (e)] = (e). (A.3) 


If (A.2) is fulfilled, then (A.3) is fulfilled for any 
arbitrary values of E and Eo, from which it fol- 
lows that q(¢€) is independent of E in (11). 

We shall now show the validity of (9) and (10). 
Using the auxiliary identity valid for «? « E}, 


ee) 


E=dE 
AB at et A.4 
€ Pe (A.4) 
we can represent Q(E,) in (A.3) in the form 
Reig C f(E) Ede Aaeaneas 
Q (Eo) i.e. Ane P \ pee. E2 he iat (e) =p US (e), (A.5) 


where f(x) = of (x) + o4(x) — 20. If we allow Ey 
to go to infinity in (A.5), we then have, owing to 
(A.1), 
Q (Eo) bound from above /..< %, 
Q (E,) 


i.e., we obtain (9) and (10). 

Using (A.5) and (A.4), we can also investigate 
the behavior of q(¢€) as € ~~. If Q, is the 
upper limit of Q,,, then from (A.5) and (A.1) we 
find 


== 12S for 15; Os 


ia eee 


ioe a ark SE 


Him 9 () = tim | Qs oF 


x 


Beh |= tin (Qe gel FED HE 


pal (2) ) == Qe 
since lim ef(€) =0 as € ~~. If conditions (9) 
and (10) are not fulfilled, then q(¢€) — ©, when 
€— ©, since the integral in the left-hand part of 
(A.3) diverges. 

In conclusion, we give the dispersion relation 
for Q(E) with the subtracted points transferred 
to infinity. This relation holds when (9) and (10) 
are fulfilled: 


pioney = !5\ 


™m 


PEER (GpGy ela, 
en 
, © 


{ ‘f . 
7 F_@ Foo Dae! ag) eee ’ 
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for E = €, we have of =o. 


Note added in proof (June 9, 1961): We recently calculated 
p (€) with the aid of the data of Klepikov et al’® in which the 
total cross sections were approximated by resonance curves. 
The new result is p (5.2 Bev) = —0.085 + 0.03 cm/Bev. On 
the other hand, according to data obtained at the Joint Insti- 
tute for Nuclear Research and kindly communicated to us by 
A. L. Lyubimov, o; for 7 p has no maximum in the 2—7 Bev 
energy region. Hence our result can signify the existence of 


the difference o; —of in a broad energy interval of over 


5 Bev if Cx. is not different from zero. 
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The role of a nonlinear effect associated with the influence of the magnetic field of transverse 
waves in a plasma is discussed. It is shown that the waves are modulated if the frequency dif- 
ference of two transverse waves is equal to the plasma frequency (resonance interaction). In 
a nonresonance interaction only a weak frequency shift occurs. The adiabatic invariants for 


the problem are found. 


I the usual analysis of small oscillations of a 
plasma the effect of the self magnetic field on the 
plasma is neglected because this effect is of order 
nv/e (n is the refractive index and v is some 
characteristic velocity) as compared with the ef- 
fect of the electric field. It is of interest, how- 
ever, to examine this effect because it can lead 
to an additional interaction between the waves. * 
It is clear that this effect will be of greatest im- 
portance in a magnetoactive plasma when the re- 
fractive index n becomes large. 

We shall limit ourselves to the case of wave 
propagation along a uniform magnetic field H 
(0, 0, H). In this case the transverse waves in- 
teract via the excitation and absorption of longi- 
tudinal oscillations. 


1, BASIC EQUATIONS 


The equations that describe the plasma (hydro- 
dynamic approximation) and the electromagnetic 
field are 


du/dt +-eE/m = — (e/2mc) (vdA*/dz + v°dA/d2), (1) 


OE/dz + 4nenop = 0, dp/dt + (1 + p) Ou/dz =0, (2) 
d / é } . elf 
i, (3) 

1 OPA OA 43 
2 aH sae eno (1 a ) v. (4) 


Here d/dt = 0/at + u8/dt; u and E are the elec- 
tron velocity and the electric field along the z axis, 
and p = (n—np)/np is the relative variation in elec- 
tron density. The ions are fixed and characterized 
by a density ny. 

The transverse electromagnetic field is de- 
scribed by the vector potential A( Ay, Ay, 0) and 


*Wave interactions due to dissipation processes have been 
investigated in detail in a number of papers (cf. the review by 
Ginzburg and Gurevich’), 


A SAX PIAy) VS VxGhl¥ya where vx and vy are 
the transverse electron velocities. The electrons 
are assumed to be at zero temperature and dissi- 
pative processes are neglected. 

Hereinafter we assume that no longitudinal self 
oscillations are excited. Taking the right-hand 
side of (1) to be small, we neglect quadratic terms 
in u and p.* Then, Eqs. (1) — (4) can be written in 
dimensionless form 


ap. a eee eae eee 
Be MAN ae (0 a eae (5) 
op a Ou = 0, oe (uv = A) = 1@yU, (6) 


Of 02 Se 


Alot — PA/a2 + (1 +p) vu =0. (7) 


Here, time, length, and longitudinal velocity are ex- 
pressed in units of 1/w9 = (m/47e’ny) ¥?, c/w, and 
ce respectively. The unit of vector potential is some 
characteristic initial amplitude A) so that the di- 
mensionless quantity A is of order unity. The 
transverse velocity is measured in units of vo 
=eA,)/me; € =|vog|cV¥2 is a small parameter 

and wy = eH/mcwy is the dimensionless Larmor 
frequency. 


2. APPROXIMATE SOLUTION 


We seek an approximate solution of Eqs. (5) — 
(7) in the form of a superposition of plane waves 
with amplitudes that vary slowly in time: 


A (z, t) = >» Aw (t) e?e, 


On aa > se 


GeO ep 


(Ay Baers 


0 (2,0) = 1D) apatite) Seeeare 


o>’ 


(8) 


*The interaction of longitudinal oscillations in a plasma 
has been investigated by Sturrock.’ 
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where 
Go = wt + haz, ka = on, and ni = 1— I/o (@ — On) 


is the refractive index, which is determined from 
the solution of the linearized problem. 

In (8) we have neglected combination waves 
since the amplitudes of these waves are propor- 
tional to a power of the small parameter. By 
slowly varying amplitudes here we mean that 
Ay K wAy, ete (A, is also proportional to a 
power of «). The quantity B,) is a correction 
(By < A.,) that takes account of the deviation of 
v from the solution of the corresponding linear- 
ized problem. It is also assumed that any fre- 
quency of interest is not too close to wy. 

Substituting Eq. (8) in Eqs. (5) — (7) and equat- 
ing coefficients for the same phase we obtain a 
system of equations for the amplitudes: 


2t (w — w') heres? He [1 —- (@ Tas w )] Cou = Bid SIA 
(9) 
: Nal Nidiar 
We) Aa = 12, tow GE ae Aw (10) 
. OH | As SV Raye (OO) 0 5 AG? 
Joye — Sere area a 2 (He = fh 2) (@’ — zy) ‘ ’ (11) 
where 
4 ft AO Reg 
fina = Mio Be) (ag sor 


On 
'h (w) Sa eer t 


Equations (9) — (10) have the following integrals: 


(12) 


2 (1 ts 
\ 2 12 
e (w) |Aw| e2 2 (Re Ro)? | How’ | = const. 


In the summation in the last expression only the 
resonance and (near-resonance) terms Q,),,., are 
important; these terms satisfy the condition 


(13) 


(w — wo’)? = 1. 


The resonance terms can be of order ¢€; far from 
resonance QQ,’ is smaller than e*. It follows 
from (12) that in general when different waves in- 
teract the energy of the high-frequency waves is 
reduced while the energy of the low-frequency 
waves is increased. 

Summing over w in (12) we find that the follow- 
ing quantity is conserved: 


So) (As \—= const. (14) 


The integrals in (12) and (14) represent adiabatic 
invariants of the problem being considered. The 
quantity u(w)| A, |?/87 is the energy density of 
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the plane waves divided by the frequency. Ina 
dispersive medium this energy density is™! 

oun tia ae 4 
on ' fi Ke [ n2 = to. (an?) |. (15) 


The quantity in the summation sign in (12) is pro- 
portional to the energy density of the longitudinal 
oscillations interacting with a given wave, divided 
by the frequency. 

We note that (14) may be given the following 
quantum-mechanical interpretation. If we intro- 
duce the notion of transverse quasiparticles (A) 
and longitudinal quasi-particles (a), then the 
Hamiltonian of the interaction between them is 
cubic in the amplitude (quadratic with respect to 
A). Thus the meaning of (14) is that the number 
of transverse quasi-particles is conserved. * 

Further investigation of Eqs. (9) — (10) is dif- 
ficult for the general case. For this reason we 
make separate analyses of the resonance interac- 
tion of two waves and the nonresonance interaction 
(in which case the quantity |w—w’| does not ap- 
proach unity at any frequency). 

In the nonresonance case we can omit @ in (9) 
and the solution of (9) — (10) can be easily found in 
the form 


Aw(t) = Au (0) ef", ie 
where 
Regis BENS Heme EO 
Qa U (a) oe (2 sae Ry)? [1 —(@ - on 


The applicability condition for the last relation 
(Aw «< w) is the inequality ¢ (Wy -w yt <9 8 


3. INTERACTION OF TWO WAVES 


We now consider the case of a resonance inter- 
action between two extraordinary waves (W,-W», 
= 1) assuming that w,, w.< wy and wy >1. For 
definiteness we denote quantities pertaining to the 
high-frequency wave by the subscript ‘‘1.’’ We 
also introduce the notation 


Die ty 2 (Oe Age irs Re ere > €? 1190 (Ri — k2)?C. 
If it is assumed that there are no longitudinal os- 


cillations at the initial time [£(0) = £(0)=0], 


then (12) can be written in the form 
I, - 1408 ao Iho, (17) 


so that 0 <¢ <1. Using (9) — (10) and (17) we ob- 
tain the following differential equation for ¢: 


I, me L106 = Too, 


*The author is indebted to V. L. Pokrovskii for these ob- 
servations. 
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at/dv? + C (120 = Io) ; T100? ae ; I x9, (18) 


where 
t = et [2QA?/pime (ki — Re)? )". 


Integrating once in (18) and introducing the ini- 
tial conditions we have 


(dt/dt)? + C? (I20 — 10) + If? —Ioo=0 (19) 


The cubic term in the left side of (19) has the 
following roots 


0; ile — Too/ 119: 


Consequently, ¢ varies periodically from 0 to 1 
with period 2T), where 
1 


dt 
t= : 4 20 
y \ VHSB 20) 


0 
This same period characterizes the oscillations of 
the energy in wave 1 (E,) between zero and the ini- 
tial value and the oscillations of the energy of wave 
2 between Ey) and Ego + WE 4) /wy. When the fre- 
quency of the first wave is close to wy (wy - 4,4 
<1) its energy increases sharply, Iq > Ig9 and 
the modulation period is determined approximately 
by relation 


Tos loo “let (4 Tyo The). 


However, the applicability condition for Eqs. (9) — 
(10) imposes definite limitations on how small 
WH-Ww canbe. Specifically, (11) and the require- 
ment By « A, mean that the inequality 
€(wy—-w) /? <1 must be satisfied. 

Using (9) we can easily estimate the width of 
the resonance interaction region. The ‘‘detuning’’ 
frequency is given by the relation 


|1— , +.|<e. 


The quadratic terms in u and p are of order 
«* far from resonance; at resonance these terms 
are of order ¢€* and the nonlinear inertia term 
udu/daz can be of the same order of magnitude as 
the driving force €*(v 8A*/dz +¢.c.). It is easily 
shown, however, that this term does not contain 
harmonics that interact. Thus it is valid to neg- 
lect the quadratic terms in u and p. 

All the foregoing considerations are obviously 
valid to an accuracy of order ¢€ for the resonance 
interaction and e? for the nonresonance case. 
There is no qualitative change in the results if the 
electron temperature is nonzero. In place of (13) 
we obtain a resonance condition of the form 


(wy — ws)? — (¢4/c)? (Ry — ke)? = 1, 


where Cg is the electron thermal velocity. 

If we take wy = 0 in the above formulas the in- 
teraction of circularly polarized waves in an iso- 
tropic plasma can be treated. 

In conclusion we wish to thank V. L. Pokrovskii 
for valuable discussions and comments. 
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2P. A. Sturrock, Proc. Roy. Soc. (London) 
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We consider the problem of reflection and absorption of electromagnetic waves striking the 
plane bounding an electric plasma at an oblique angle. The main difference between oblique 
incidence and the case of normal incidence previously considered is that longitudinal waves 
are excited inside the plasma at frequencies close to those for which the longitudinal dielec- 
tric constant of the plasma vanishes. In the particular case of nonrelativistic temperatures, 
the energy spent in exciting the longitudinal waves exceeds the energy lost as a result of col- 
lisions between the plasma particles, provided that the condition (44) is satisfied. 


i The theory of electromagnetic properties of a 
semi-infinite plasma has been the subject of many 
papers.* At the present time the question of re- 
flection, refraction, and absorption of electromag- 
netic waves incident perpendicularly to the surface 
of a sharply delineated plasma can be regarded as 
relatively well investigated. To the contrary, the 
case of inclined incidence remains essentially un- 
investigated. 

We have undertaken to fill this gap in part. We 
consider here the problem of oblique incidence of 
electromagnetic waves on the surface of an iso- 
tropic plasma (without constant field) with arbi- 
trary particle distribution (in particular, rela- 
tivistic ). Such an analysis will enable us to study 


- not only the question of losses connected with the 


occurrence of a transverse field in the plasma 
(called below the transverse losses), but also 
the question of the excitation of longitudinal waves 
and losses connected with the occurrence of a 
longitudinal field (longitudinal losses ). 

When we consider the semi-infinite plasma, we 
assume specular or diffuse reflection of the par- 
ticles from its surface."! Both conditions must 
be regarded as rather approximate. These bound- 
ary conditions, however, can explain the role of 
effects occurring as a result of the presence of 
the plasma boundary, both in the case of a plasma 
bounded by a solid surface and in the case of a 
plasma confined by a magnetic field (under the 
condition that the transition layer is sufficiently 
small). 

2. To study the electromagnetic properties of 


*For lack of space we cannot discuss these papers in any 
detail. We refer the reader, for example, to the book, *) which 
contains a relatively complete bibliography. 


an electron plasma (assuming that the ions form 
a homogeneous background), we use, as is cus- 
tomary, the kinetic equation with self-consistent 
field. Being interested in the region of larger fre- 
quencies (much higher than the collision fre- 
quency ), we can write here the kinetic equation 

in the form 


vof. (1) 


Here fy is the equilibrium electron distribution 
function, and of is the nonequilibrium addition; 
v is the collision frequency. 

Assuming specular reflection of the electrons 
from the surface of the plasma, when 


df (2 > 0, 2=0) = pdf (2. << 0,2 =0) (p= 1) (2) 


(here z = 0 corresponds to the surface of a plasma 
filling the half-space z = 0), we obtain the follow- 
ing solution of the kinetic equation for the case of 
an incident electromagnetic wave with time and 
space dependence exp{iw(-t+zcos 6/c+ysin6/c)},. 
where @ is the angle of incidence: 


oe LE Ue. Eyvy — E;0:2}, 
Ue 0! 


Here x = vy—iw(1—vysin 6/c) and fo is the de- 
rivative of the equilibrium distribution function 
with respect to the energy. 
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' Expressions (3) are used to determine the cur- 
rent density 


=e \ vofdp, 


which is contained in the field equations. If we 
now eliminate from the field equations the mag- 
netic induction, and extend the electric field to 
include all space (the tangential components Ex 
and Ey in even fashion, and the normal component 
Ez, in odd fashion), then, as can be readily veri- 
fied, we obtain for the Fourier components of the 
electric field 


1 


EG) = V 2x 


\ dze~i#E; (2) 


the following equation 
RE; (q) — k; (KE (q)) — (w?/c?) &;; (w, k) E; (9) 
— | Bina; 

k = (0, w sin 0/c; q); 


a = (Ey (0), 
E, (0) — iw sin 6E, (0)/c, 0). (4) 


The dielectric permittivity tensor €jj has in 
our case of isotropic plasma the form 


eq (w, k) = ef (w, &) (8:7 — RPh) + R?RR,e! (w, B). 


Here the transverse and longitudinal permittivities 
are determined by the usual formulas") 


hme? (kv)? fi 

e! (w, Eh = 1 4 — eee : (5)* 
2me2 ¢ [kv f, 

& (wk) = 16 oe \aP OF iv—kv' (6) 


The equations written out solve the formal as- 
pect of the theory of inclined incidence of radiation 
on a semi-infinite plasma when the electrons are 
specularly reflected from the surface. We now 
proceed to an analysis of the pertinent results. 

3. We turn first to the relatively simple case 
of s-polarization, when the electric vector of the 
incident wave is perpendicular to the plane of in- 
cidence. In this case only the x component differs 
from zero, and is given by 


E.(0) ¢ dge!% 
E(2) = I \ (w/c)2e '(w, k)— k2* (7) 


The difference between this equation and Eq. (7) of 
an earlier paper by one of the authors,™! is that the 
quantity q in the denominator of the integrand is 
replaced by k. This corresponds in fact to the re- 
sult obtained by Reuter and Sondheimer. @! 

The complex coefficient of reflection, in the 
case of s-polarization, is 

*(kv) =k-v; [kv] =kx v. 
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(c/ 4m) cos 9 Z,—14 


Ts (c/ 4st) cos § Z, +1’ 


where Z,(w) = (4miw/c?) [E,(0)/E,(0)] is the 
surface impedance, connected by the relation 


Z; (w) = — (4nio /c) hg 


with the effective complex depth of penetration 


+oo 
4 ¢ 


a 
wt ae (o/c)? e 


(o, k) —k2 


ne) = 


(8) 


Under conditions when the spatial dispersion is 
weak, we can represent the transverse permittivity 
in the form (w > v);,2] 


ef (w, k) = & (w) — atc?k?/ w? 


= 1 — o2/ wo — afe?R? /w? + ivw? / w°; 


(9) 


Of = 


15 \ aor OP- 


4se2 ¢ U4} 4 
0 3 = 


og = — 5 ( ape*s,, 
Thereupon we get for the effective depth of pene- 
tration 


ne = (1 +a) (e (wv) — (1 + a) sin? 8). (10) 


In the case of a nonrelativistic plasma, the con- 
tribution due to at is negligibly small. To the con- 
trary, in the relativistic case this is no longer so. 
Actually, for example, in the ultrarelativistic case 
al = w? /5w?. 

In order for expansion (9) to be valid, the con- 
ditions 


| @(w)|<me?/xT, — (w* S> w? xT, / me) (11) 
must be satisfied in the case of nonrelativistic 
plasma, and 

| (0) | <1 (12) 


in the relativistic case. 

Expression (10) is due to the contribution of the 
pole of the integrand of (8). Let us consider now 
the contribution due‘to the branch point of the di- 
electric constant. We have 


dxx Im af (@, ¥ (@ + iv) / c) 
V 2 —sin? § @?/(@ + ivy? 


- co 
ieee 


oll tig) 


x {[Re ef (o, ed (1 + iv/w)? a 


ga) = — 


o+iv \]2)—1 

au [Im et (, —— x)| } f (13) 
The expressions for et were derived earlier 
(see 1) for the case of a relativistic Boltzmann 
particle distribution. In the nonrelativistic case, 
when the main contribution is made by the values 
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x~ ¢/vp~ V mc?/kT, , the expression for ae 

is independent, seeurate to terms ~kTe/mc’, “of 
the angle of incidence and agrees with the following 
expression!) 


(Sats 2 af eT eg tert 
ba) eS\F Im ef (w, &) = 26 / 2 2 Sh ea); 
(14) 


Here we assume w >v and (w},,/w*)(kTe/mce?) 
<ol 

In the ultrarelativistic case, assuming w > »p, 
we have 


V+ Pas 


5» © 
: Re 
he. cal nea Bnew (1 
e . y x7 — sin? § 


el 


2 x 
x [—2 + —1/x%) In* 


2 


lication 


where wp = 47e’Ngc?/3k Te. 

In order to exhibit the dependence of the latter 
expression on the angle of incidence 6, we give 
the values of 6A$)(w/ic) when w = Wop: Thus, 
when 6 = 0, 30, 60, and 90° we have accordingly 
the values 0.09, 0.10, 0.115, and 0.24. 

The formulas obtained permit, in particular, 
a determination of the absorbing ability of the 
plasma, A =1 — |r|’. In the case of nonrelativ- 
istic temperature with ¢)—sin” < 0 we have 


8 Vas (sin?@ — eo) (es ae cos 6. 

(16) 
When 6 = 0, this formula coincides with equation 
(38) of @, 

The contribution to the absorbing ability, a con- 
tribution not connected with the plasma-particle 
collisions with each other, can also be determined 
directly by calculating the energy lost by the elec- 
trons on colliding with the plasma surface. In the 
case when €)—sin’@ > 0 this contribution is now 
equal to 


jay (15) 


Be eOS8 


aS ~ 
Y sin?) —e, —£p 


+--+ 


Vv 
o 


8/2] x (@,, | @)? (xT, | mc) cos § (e (@) — sin? 9) 


(V ¢(@) —sin® 6 -++ cos Q)? (17) 


In the case of s-polarization which we are con- 
sidering, it is easy to obtain the solution also by 
assuming diffuse reflection of the electrons from 
the plasma boundary, corresponding to r = 0 in 
Eq. (2). Now we obtain for the field the following 
expression 


E,, (0) 
Ex (2) = 2m 


—i8-+00 d mae aa 
aq nigz q 
id a cH \ k 

\ q P ah oe 


—18—co - —co 


(ef (w, k) —sin9 ||, (18) 


w? 
x In| 1— ag? 
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and for the complex depth of penetration we have 


(19) 


i= {21 dg nf —2(€" (0, &) —sint OI 
0 


Under conditions of weak spatial dispersion, the 
contribution of the zero of the dispersion equation 
yields 


t uy 


(20) 
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: © Le (o)— (1+ a) sin? 9 

The branch point of the dielectric permittivity 
makes a contribution 
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{AY = 
x da ot x[x? — € = =») sin? al” Im ef 


x {fa Re ef —(i+iv/w)?x? 


+ (1 —a) sin? 6]? + (a Im ef )?}. (21) 


In the nonrelativistic limit, the result for 6A 
does not depend on the angle of incidence, accurate 
to (kKTe/me?). In the opposite, ultrarelativistic 
limit, 6A depends continuously on 9. 

4. We now proceed to the somewhat more cum- 
bersome but more interesting case of p-polariza- 
tion, when the electric vector of the incident wave 
lies in the plane of incidence. This case is of spe- 
cial interest because a longitudinal wave, which 
cannot be excited in the case of s-polarization, 
can now penetrate into the plasma. 

The field produced in the plasma as a result of 
the incident plane electromagnetic wave can be de- 
scribed in this case by the formulas 


E,(2) = E, (2) +E, @, (22) 
Ey (2 ={E, 0) — i© sin 0£,(0)| 
1 £ dqg?e'"? 
* we le + (w Jc)? sin? 9] [(@/c)2 ef (@, k) — (w/c)? sin? 0 — q?]’ 
(23) 
E (2) = {E, (0) —i © sin 6, (0)} 
Sy yk dq sin? ) 9%? (24) 
“Tn oo. (q? + (o/c)? sin? 6] ef (@, R) 


The complex reflection coefficient is determined 
by the following formulas: 


cos () — Zp (c / 4m) 
Tp = Cos +2, (c/ 4m) ’ (25) 
ue E, (0) age Ap. (26) 


Zp (, 0) = ee (0) —i (@/c) sin? OE, (0) * 
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From (22) — (24) it is clear that the effective 
depth of penetration is made up, in additive fashion, 
of the transverse and longitudinal depths, given by 
the formulas 

4 


i 
a er | 
2 [@ + (@/0)* sin? 6] [(@ /c)* ef (@, &) — (@/¢)? sin’ 8 — 4°) 
(27) 
nt sin? 9 ney dq (28) 
aks mt fe [q2-+ (@/c)?sin? ] e! (@, &) 


We note that in the calculation of these integrals, 
the contributions of the singularity of the integrands 
at the point q? + (w/c)? sin? @ = 0 cancel each other 
out in the summary expression for Ap. The reason 
for it is that the longitudinal and transverse permit- 
tivities are equal to each other when k = 0. Conse- 
quently we disregard from now on the contribution 
of this singularity. | 

Under conditions when the spatial dispersion is 
weak and we can use expression (9) for the trans- 
verse permittivity, the contribution to the right 
half of (27), due to the zero of the dispersion equa- 
tion for the transverse oscillations, has the form 


ic "Te 
@é(@) 


@? — wF+ wfiv/o 
@? cos °9 — w? + wiv | a — oa! sin®6 it 
x : 


To be able to use expansion (9) here, inequalities 
(11) and (12) must be satisfied. 

Analogously, in the case of weak spatial disper- 
sion we can write for the longitudinal permittivity 
the following expression:* 


e—(1+a*)sin29 
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In particular, in the case of a Boltzmann par- 
ticle-energy distribution we have 


\ eae — 1)” exp (—3e«). 
(31a) 
For the case of nonrelativistic (mc? >xTg) and 
in the case of ultrarelativistic temperatures (mc? 
<«< «Tg) we have now, respectively, 


Ame? N ,mc* 


a= 
9 (xT ,)* w?K2 (me? / xT ,) 


*In the transparency region we must take account of the 
contribution of the Cerenkov effect to the imaginary part of e€/; 
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a! = 8xTw?,/ mero”, at. = 302, /5w?. (31b) 
The contribution to the right half of (28), due to the 
zero of Eq. (30), has the form 


ie V of sin? 9 


i (32). 
@ €(@) V e(@) — a! sin? § 


= 


This result, obtained with the aid of the approxi- 
mate expression (30), will not be valid if the con- 
dition | ¢ (w)| « 1 is violated. 

The longitudinal permittivity is also relatively 
simplified if kvp > w. Now 


ef == + (Breer) (33) 
r= — ane? \ dpi, (34) 


In the case of a Boltzmann electron distribution* 
we have 


rr? = 4ne®N,/ “To. (34a) 
scr 


Now the pole contribution to formula (28) has the 
form 


x, === sin Ora. (35) 


Finally, as kc — w + iv we obtain in the case of 
an ultrarelativistic plasma 


= | — — — 
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Inasmuch as in this case w > Wop, we are dealing 
with an exponentially small quantity. 

Let us turn now to an examination of the contri- 
butions to the left halves of (27) and (28), due to the 
branch point of the permittivity. The integrals 
along the edges of the cut yield accordingly 
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+ | Im ef (w, ote VS : (36) 
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al 
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Formula (36) assumes the form (14) in the non- 
relativistic case, when the main contribution to the 


*We note that allowance for the motion of the ions causes 
aterm 47eiN,/xT, to appear in formula (34a), 
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integral is made by large values of x. Analogously, 
the integrand in (37) can be assumed independent * 
of the angle of incidence 
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For the case of Maxwellian electron distribution 
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We can put with high degree of accuracy Bmax 
The numerical integration yields for w=wy, 
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Below the Langmuir frequency we can use for esti- 
mates the formula 


=o, 


(38) 
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l Ghia Fy (XT? oP Arh 8 Of ¢ 
dA, ~ —~ sin o/ s (—4) In( 1 = a) 
In the opposite case of ultrarelativistic temper- 
atures, using Eqs. (11) and (12) of ™, we obtain 
(w >v) 
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In order to display the dependence of these expres- 
sions on the angle of incidence @, we give the fol- 
lowing numerical values for Wop =w*, Thus, for 


*The expression for e4 for the case of Boltzmann electron 
distribution is given in the cited book’ (see also the Appendix). 
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angles @ = 0, 30, 60, 90° we have for 5A¥( Wop /ic ) 
the values 0.09, 0.088, 0.077, and 0.07 respectively. 
Analogously we have for OA! (Wop /ic) the values 
(0, 0.12, 0.15, 0.16) x sin? 9. 

The results obtained can be used to determine 
the absorbing ability of a plasma, connected in the 
case of p-polarization with the effective depth of 
penetration by the following relation 


4 cos §(@/c) Im 4 
[ cos § + (w/c) Im A}? + [(@/c)Rea}? * 


APY (41) 

At large values of €(w), when, as is well known, 
the Leontovich boundary conditions are applicable, 
an analysis of our formulas is of little interest, for 
in this case we can use directly the results obtained 
in the analysis of normal incidence (see 21) We 
therefore concentrate our attention from now on on 
the case |e (w)| <1. 

For angles not too close to 7/2, we can neglect 
the dissipative terms in the denominator of (41). 
Therefore to determine the effect of various fac- 
tors on the dissipation of electromagnetic waves it 
is sufficient to compare the corresponding dissipa- 
tive contributions to Im A, contained in the numera- 
tor of (41). Thus, in the relativistic case when w 
© Wop, aS follows from the estimates given above, 
the longitudinal and transverse losses are com- 
parable in magnitude when 6 is not too small. A 
comparison of (38) with (14) shows that in the non- 
relativistic case, when w ~ wf, the longitudinal 
losses connected with the collisions of the particles 


- against the surface of the plasma are ( mc2/ KTe) 


times greater (at not too small angles 6) than the 
transverse losses in the case of specular reflec- 
tion of electrons from the surface. 

It must be noted that the indicated longitudinal 
losses are equal in order of magnitude to the trans- 
verse losses in the case of diffuse reflection of the 
electrons from the plasma boundary.” To clarify 
the role of such losses, we must compare expres- 
sion (38) with the imaginary parts of formulas (29) 
and (32) under conditions when the plasma is not 
transparent, <’(w) — alsin?@< 0. If wi-w? ~ w? 
in this case, then the losses connected with colli- 
sions between particles will be negligibly small if 
the inequality 


25N.L?2 <T! sin! 6 (42) 


is satisfied, where T, is in degrees Kelvin, Neg is 
the number of electrons per cubic centimeter, and 
L is the Coulomb logarithm. We note that this is 
similar to the analogous inequality obtained for 
the case of diffuse reflection of electrons.@! 

Under these conditions we obtain the following 
expression for the absorbing ability 


—_—_~_ 
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x (1 — 2')-* (sin?o — 6’ cos* 6)-*. 


Further, in the region where the plasma is 
opaque to the transverse waves [e’(w) - sin? @ 
< 0] and transparent to the longitudinal waves 
[e'(w) - al sin? @ > 0], the imaginary part of (32) 
makes the following contribution to the numera- 
tor of (41), along with Im Ms and Im ae at not 
too small values of «’(|«’ | > |e” |): 


C V at sin? 6 
OE, Ve’ (@) —a! sin? 6 ; 
This contribution is not at all connected with the 
dissipation of electromagnetic waves, and is brought 
about by the excitation of longitudinal waves in the 
plasma when a transverse wave is obliquely inci- 
dent from the vacuum on the surface of the plasma. 

In either an ultrarelativistic or a nonrelativistic 
plasma, the energy converted into longitudinal 
waves is much greater than the energy lost to col- 
lisions between the plasma particles and the sur- 
face, provided €’(w) « 1. To the contrary, when 
€’(w) ~ 1, the corresponding energies become com- 
mensurate, and therefore the conditions under which 
the energy lost to excitation of longitudinal waves is 
greater than the energy lost by collision between 
particles will be determined by inequality (42) for 
the case of a nonrelativistic plasma. 

In the case al < e’(w) « 1, the corresponding 
condition has the form 


(43) 


Im Ap = 


(44) 


The region is narrower here than in the case of 
(42), owing to the increase in the dissipative losses 
due to collisions of the particles inside the plasma. 
This increase is due to an increase in depth of 
penetration of the transverse field into the plasma 
with decreasing ¢’(w), and this naturally increases 
the fraction of the energy lost by the field in the 
plasma. We note that formula (32), and consequently 
also formula (43), were obtained under the condition 
|<’(w)| «1, and therefore we must in fact use for- 
mula (44). 

Under conditions when the inequality (44) is ap- 
plicable, we have for the absorbing ability of the 
plasma the following expression: . 
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If, in addition, («’)? > al, then 
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Finally, in the case when the plasma is trans- 
parent also to the transverse waves, ¢€’(w)>( 1+at)»| 
sin? 6, the main fraction of the energy is transferrec 
to the transverse wave in the plasma. The waves 
formed are absorbed in the plasma, and their en- 
ergy is converted into heat. As is well known, the 
corresponding heat is determined by the imaginary 
part of the dielectric constant, which is brought 
about by collisions of plasma particles with each 
other; in the case of longitudinal waves it is also 
due to the possibility of Cerenkov radiation. For 
the heat released by absorption of the transverse 
waves per unit volume at a depth z, we obtain 
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where rp is given by (25). 
Analogously we obtain for longitudinal waves 
(when kvpt/w <« 1) 
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When 1 > krp > 1/vVin kT, /e2ny3 , the colli- 
sions can be neglected, i.e., under these conditions 
the main contribution is produced by Cerenkov ab- 
sorption. 

We note, finally, that in the opacity region the 
Cerenkov absorption mechanism makes no contri- 
bution to the dissipation. 


x exp {— 
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APPENDIX 


ASYMPTOTIC BEHAVIOR OF THE FIELD AT 
LARGE z 


Let us examine briefly the question of the asym- 
ptotic value of the field at large distances from the 
plasma surface. We can say that the asymptotic 
expression of interest to us is determined by the 
singularities of the Fourier transforms of the field, 
which we have obtained above. The presence of 
poles, obviously, leads here to solutions that de- 
pend exponentially on the coordinates. In particu- 
lar, in the opacity region the field decreases expo- 
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_ nentially, and in the EPApSRaTency, region we can 
speak of waves. 
Under conditions when the spatial dispersion of 
the dielectric permittivity is small, we have for 
this wave part of the field 


Et (2) =—{E, (0) —i2sin@ E, O} a5 
e(o)—sin?@ (1+ af) 72 
x | 4 at | 
Oo @ (@) — sin? Q (4+ a*) 
x exp {iz [ rica lige (A.1) 
E; (2) 
= —{E, (0) —i “sind £,(0)}* sint @ Val 
{ 1 0) : ox O}S & () [e (o)— a! sin? 9)” 
a exp {iz se — a! sin? 6} (A .2) 


At frequencies greater than the plasma fre- 
quency, we obtain for an ultrarelativistic plasma 
the following contribution of the pole to the longi- 
tudinal field 


E! (2) = —{E, (0) — i“ sindE, Oes- = 
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It is clear that the amplitude of the field decreases 
exponentially with increasing frequency. 

We note that formulas (A.1) and (A.2) can be ob- 
tained from the differential equations of the field, 
which apply when the permittivities are given by 
formulas (9) and (30), and if in addition we use 
the boundary condition Ez(0) = 0. 

The branch point of the permittivity causes the 
field to have a coordinate dependence that cannot 
be identified with a wave (see *°]). The corre- 
sponding contribution to the longitudinal and trans- 
verse fields has the following form 
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and Re et and Im ef are defined in“, 

In general, the resultant expressions are com- 
plicated. In the ultrarelativistic limit we have for 
the transverse field the following contribution to 
the asymptotic expression corresponding to for- 
mula (A.4): 
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In the case of a nonrelativistic plasma, the 
asymptotic behavior of the field can be determined 
by the saddle-point method, as was done by Lan- 
dau!*] and Shafranov. '"/ In this case the limits of 
the integrals in (A.4) and (A.5) are 0 and ~, while 
the integrands are assumed to be independent of 
the angle of incidence 96, in view of the large value 
of the ratio mc?/kTe. It should be noted however, 
that relativistic effects come into play when z is 
sufficiently large, and the asymptotic expression ob- 
tained in this manner does not apply. The corre- 
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THE SHELL MODEL AND THE SHIFT OF SINGLE-PARTICLE LEVELS IN NUCLEI OF 
THE ‘‘CORE + NUCLEON”? TYPE, DUE TO ADDITION OF A PAIR OF NUCLEONS 


. ASRIBEKOV 
Submitted to JETP editor, January 11, 1961 
J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 171-182 (July, 1961) 


The shift of single-particle levels in nuclei of the ‘‘core + nucleon’’ type, caused by the addi- 
tion of a pair of particles (nucleons or holes) of the same type to the nucleus, is investigated 
within the framework of the shell model. The shifts are estimated quantitatively by perturba- 
tion-theory calculation of the change in level spacing due to unequal shifting of the levels when 
an additional pair is added to the nucleus. Two mechanisms of level shift are examined, one 
where the shift is due to a change in the core parameters (isotopic and isotonic shifts) and 
where the shift results from direct interaction between the pair and odd particle, the core re- 
maining unperturbed (in this case the pair enters the nucleus as a system which is autonomous 
and independent of the core and in which the particles are paired with respect to the angular 
momentum J=0). An estimate of the isotopic and isotonic shifts for a number of typical nuclei 
indicates that the first mechanism does not correspond to the experiments. On the other hand, 
a calculation of the relative level shifts based on the second mechanism, performed for a large 
number of nuclei of the ‘‘core + nucleon’’ type for which experimental level schemes are avail- 
able, leads to results which are in good agreement with the experimental data. It is shown that 
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there is a competition between the closely-spaced levels on which the pair is located. 


LyvesticaTions (particularly quantitative) of 
nuclear configurations within the framework of the 
shell model entail considerable difficulties, because 
the nuclear levels are not identified to the same degree 
of unambiguity in all nuclei. The clearest picture 
of nuclear configurations is observed in odd nuclei 
of the ‘“‘core + nucleon’’ type, in which both groups 
of nucleons (after subtracting the odd nucleon) fill 
closed shells or subshells and form an inert ‘‘core.”’ 
Single-particle energy levels in these nuclei arise 
as real excited states of the odd nucleon, which is 
situated in a certain averaged field of the core. 

The sequence of levels in nuclei of the ‘‘core + nu- 
cleon’’ type is satisfactorily described by a Mayer 
scheme") intermediate between the energy schemes 
corresponding to idealized potentials (oscillator 
and well). 

As shown by the presently known experimental 
data on nuclear level schemes,” the sequence of 
excited levels, established for odd nuclei of the 
““core + nucleon’’ type, can be regarded as valid 
also for other odd nuclei, which contain one or 
several added pairs of like nucleons in an even or 
odd group of like particles. On going to these nu- 
clei, however, i.e., on adding, for example, one 
pair of nucleons to the initial ‘‘core + nucleon’’ 
nucleus, the levels of the latter are subjected to 
unequal shifts and the distances between the cor- 


responding levels change (to the extent that cer- 
tain level pairs cross). 

A level shift of this kind can be attributed either 
to a change in the core parameters (depth or ra- 
dius of the well) when a pair of like nucleons is 
added (isotopic and isotonic shifts), or to direct 
interaction (in the form of a perturbation) of a 
pair with the odd nucleon producing the levels; 
the core remains unperturbed and the pair forms 
a certain autonomous system in the nucleus, 
wherein the nucleons are paired with respect to 
the angular momentum (J= 0). 

The purpose of the present article is to estab- 
lish the character and the main cause of this shift 
of single-particle levels, and to derive quantita- 
tive estimates for the changes in level spacing in 
nuclei of the ‘‘core + nucleon’’ type when a pair 
of like nucleons (neutrons or protons) is added. * 
It is expected that the relative level shift in the 
two nuclei (‘‘core + nucleon’’ and ‘‘core + nucleon 
+pair’’) will indeed be determined by the inter- 
action between the nucleons of the additional pair 
with the core and the unpaired nucleon, and that a 


*This analysis is also valid for nuclei of the ‘‘core + hole’’ 


type, and for the case when a pair of nucleons is removed (and 
not added), i.e., when a pair of ‘‘holes’’ is produced. This is 
implied throughout, and occasionally the single term ‘‘parti- 
cle’’ will be used. 
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quantitative analysis of this effect is possible 
within the framework of the shell model through 
the use of perturbation theory (in spite of the fact 
that the shell model does not predict with satisfac- 
tory accuracy the level spacings themselves ). 


1. ISOTOPIC AND ISOTONIC SHIFTS 


We examine the level shift of the unpaired nu- 
cleon in a ‘‘core + nucleon’’ nucleus, a shift due 
to the change in the average potential of the core 
when a pair of neutrons or a pair of protons is 
added to the nucleus. 

Within the framework of the model, the average 
potential of the core, which characterizes the self- 
consistent field produced by the nucleons in the 
closed neutron and proton shells, can be regarded 
as independent (except for very light nuclei). 
Consequently, the total self-consistent field is 
made up of two independent self-consistent fields, 
the neutron and proton fields, and the average po- 
tential of the core can be expressed as a sum of 
two potentials with corresponding statistical 
weights, proportional to the number of neutrons 
and protons in the nucleus. If the unpaired nucleon 
is a neutron, the average potential of the core can 
be assumed to have the form®! 


N 
Vv a Van —- AL Vas 
Ny Z N—N 
—- SrA an + =a Veo + A : CVs a7 Vip), (1) 


where Vpn characterizes the interaction of the neu- 
tron with the neutron medium, Vnp the interaction 
with the proton medium, and Ny and Zp» are the 
numbers of neutrons and protons corresponding to 
the stability of the nucleus A. Analogously, for the 
unpaired proton, the average potential of the core 

is assumed to be 
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where Vpp and Vpn determine the interaction of 
the proton with the proton and neutron media. 

For stable nuclei, the potentials (1) and (2) con- 
sist of only the first two terms, which character- 
ize the potential of the stable core Vo. After sub- 
tracting the Coulomb interaction, V) is identical 
for the unpaired neutron and proton ( spec mY vip? 
~ Vy). On the other hand, in view of the charge 
independence of the nuclear forces, it is natural 
to assume Vpp © Vpn and Vnp © Vpn: AS a re- 
sult we obtain a two-parameter average core po- 


tential for the external unpaired neutron and pro- 
ton* 


Vv" (Z, N) = Ve + Be 
ea i 5 
Ve (2, NY Vo a eee (3) 
where 
Z—Zo = —(N — WN), VW == Vani = Van = Vip ee 


and Vcoy] is the Coulomb energy of the unpaired 
proton. 

In the calculation of the relative shifts of the 
nuclear levels, potentials (3) were regarded as 
ordinary rectangular potential wells (without ac- 
count of the smearing of the potential on the bound- 
ary ) that depend on the neutron-proton distribution 
in the nucleus A(Z, N). 

We chose for the potentials (3) the parameters 
Vo = 45 Mev and V’ = —89 Mev (the nuclear ra- 
dius is R=1.4A¥3 Fermi units). This choice is 
not an essential limitation, since it can be shown 
that the results of the calculations vary very little 
with small changes in the parameters of the po- 
tentials in (3), and that any combination of param- 
eters in this range can be used in practice. 

The distance between the levels nlj(Epjj) and 
nid: (Ey’7’j’) in the nucleus A(Z, N) is given by 
the following well-known expression: 


6 Envy, ny (Z, N) = Envy (Z, N) — Eng Z, N) 
= 10.5-A~" {xv (Z, N)1? — [xny (Z, N)} Mev; (4) 


where here Xpjj are the roots of the transcenden- 
tal equation obtained from the condition that the 
logarithmic derivatives of the external and internal 
wave functions of the unpaired nucleon be equal on 
the boundary of the potential well (3). On going 
from nuclei A(Z, N) of the ‘“‘core + particle’ 
type to nuclei A+2(Z, N+2) and A+2(Z+2, N) 
(i.e., on ‘‘adding’’ or ‘‘removing’? a pair of like 
nucleons), the energy levels of the unpaired par- 
ticle Enjj experience an unequal shift AEnjj, as 
a result of which the distances between levels (4) 
change. Depending on the type of additional pair 
of nucleons, the relative level shifts due to the 
change in the core potential can be classified 
either as isotopic (AZ = 0, AN =+2) 


Awan) (6E nv}, ntj) = SE wij, ny (Z, N+ 2) 
— 6Env, nti (Z, N) (5) 
or isotonic (AN = 0, AZ ==+2) 
*A potential of this kind, but with smeared edge (with ac- 


count of the diffuse boundary of the nucleus) was investigated 
by Sliv and Volchok.* 
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Aazy (SE ni, nti) 
= bE ni, nj (2 +42, N) — 6Ewry, ntj (Z, N). (5’) 


_ Equations (4), (5), and (5’) were used to calcu- 
late the change in distances between different levels 
for the transitions A— A + 2 ina series of typical 
nuclei with known experimental level schemes. The 
results of the calculations, together with the ex- 
perimental values of the change in distance between 
corresponding levels, are listed in Tables I and II. 

As can be seen from these tables, the nuclei con- 
sidered were those in which the numbers of neutrons 
N and protons Z corresponded to the filled shells 
(subshells) in the Mayer scheme. The numbers 
(+1) or (—1) in the columns marked N and Z 
indicate the type of odd nucleon (or hole) whose 
levels are shifted by a change in the potential of a 
core made up of a combination of nucleons (Z, N) 
from the closed shells (subshells). In many cases 
the problem is not single valued: the energy spec- 
trum of the nucleus can be simultaneously regarded 
as pertaining either to a nucleon or to a hole, but 
with different core potentials. For example, for 
the nucleus with 39 protons, we can consider, along 
with the variant having an unpaired proton Z = 38 
(+1), an alternate variant with an unpaired hole 
Z=40(-—1) (the filled subshells for Z = 38 and 
Z=40 are lfs7. and 2p;/. respectively). The 
core potentials corresponding to these two cases 
will be different, owing to the dependence of the 
potential V(Z, N) on Z. Duplicate calculations 


125 


were carried out for these nuclei (the results of 
these calculations were not listed in Tables I and 
II because they did not improve the agreement with 
experiment). 

From a comparison of the theoretical change in 
level spacing with the experimental data in Tables 
I and II it follows quite obviously that the proposed 
mechanism, where the levels are shifted by a 
change in the core parameters (the isotopic and 
isotonic potential shifts), does not correspond to 
reality at all (the discrepancies are both in sign 
and in order of magnitude); this was expected 
from preliminary estimates of the effect. In any 
case, this mechanism could not be the only cause 
of level shift of an odd particle when a pair is 
added to a ‘‘core + particle’’ nucleus. Character- 
istically, the determined isotopic and isotonic rel- 
ative level shifts are as a rule one order of magni- 
tude smaller (in absolute value) than the corre- 
sponding experimental values; this demonstrates 
that the proposed level-shift mechanism is patently 
insufficient to explain the real level shifts. 


2. PERTURBATION OF SINGLE-PARTICLE 
LEVELS BY A NUCLEON PAIR ADDED TO 
THE CORE 


We shall assume that when two like nucleons 
(or holes) are added to a nucleus A of the ‘‘core 
+ nucleon’’ (or ‘‘core + hole’’) type, the added 


Table I. Isotopic shift (AZ = 0, AN=+2) 


ee Z N AN ACE)theor AGE)exp, 
nl’ — nj te, kev 
1 hy) —2 dy, | 58 TBD) aa, 454 4.485 t 
1 go), —2 Pry 50(—1) | 64 2 6 +58 
1 go, —2 Py, 50(—1) | 66 +2 aiet a 
1 gy, —2 Py, 38(+4) | 50 ) +103 —=532 
4 go), —2 Pry, 38(4+1) | 50 a) +34 —356 
1 gs), —2 Pry, 50 40(-+4) +2 -L76 —286 
1 fis), — 3 Sy 50 66(--41) aed 272 —231 
1 fe) ae Pap 38(—41) | 50 2 +48 2550 
2d), —3 sy), 50 66(-+4) +2 a eato7, 
2 ps), —4 fay, 20 20(-++1) +2 ==346 —1359 
2 Ps, —1 fy, PO(a-ty 1128 ay 55 —2590 


Table II. Isotonic shifts (AN = 0, AZ =+2) 


eae N | Zz | AZ AGE) theor’ AGE) exp, 

Wi — nl} kev kev 
4h, — 2d, 82(—1) 58 —2 ge ff ey 
this, — 2ds), 78(+4) | 58 = == 40 + 13 
1g», — 2p), 50(—1) 38 a HA a1 83 
liga, — 2p 50-1) ee +2 + 40 ser eM 
Vw on 56 A0(--1), | +2 a ae + 608 
1g, — 2p, 50(—1) | 40 Bey le 1 Mi 
1g», —2py, 50) 38(-+-1) an +150 | —1017 
1g», —2pr), 40(+4) | 50 +2 — Ab + 7% 
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pair is not incorporated in the core, but enters 
autonomously into one of the shells outside the 
core, in a state ‘‘paired’’ with respect to the an- 
gular momentum (J=0). This added pair inter- 
acts with the unpaired nucleon, perturbs the states 
of the latter, and thereby produces unequal shifts 
of the various single-particle excitation levels of 
the nucleus. The unequal shifts change the rela- 
tive distances between the levels. 

The relative shift of the single-particle levels 
nlj and n’l’j’, for two corresponding nuclear con- 
figurations A and A+2, is determined by the ex- 
pression 


Ase (8EWY 7, nti) = Maa Eney? — Ata En?, — (6) 
where AcanyEntp and Kenia j/ are individual 
shifts of the levels nlj and n’l’j’, analogous to 
isotopic and isotonic shifts. These shifts, how- 
ever, are no longer due to a change in the core 
potential upon ‘‘addition’’ of the pair, but to the 
direct interaction between the pair and the unpaired 
nucleon V,p. The perturbing potential V,p was 
chosen in the form of a 6-function two-particle 
potential with all types of interactions between 
nucleons (with exception of tensor forces) 


D 


Vip = 4x > 5 (gp —r,) {a (x7) (¢¢,) +c +d (e0;) +e (t%,)} 
t=1 (7) 


Within the framework of the single-particle 
model, the individual level shift Ace Enh was 


Kee ar: ndtat—o = 2 (ape Df eB (Ge te es 
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considered, in accordance with perturbation the- 
ory, as a first-approximation correction to the 
eigenvalue of the energy of the unpaired particle 
in the nucleus, without account of the correlation 
interaction* between the particles within the pair 
occupying the level nolpjo: 


A(+2)E nti; nolotioT=0 | 


(8) 


= Vip> = (Pnajs mtyios=o | Vie | Vnii; metotioit=0)- 


We chose for the core potential the two idealized — 
potentials of the shell model—a rectangular well and 
oscillator potential. In the analysis of the nucleon 
(or hole) distribution over the levels, however, we 
used the real level sequence, which is intermediate 
between the levels corresponding to the two ideal- 
ized potentials. A characteristic feature of our cal- 
culations was that in the case of the rectangular 
well we used the core potential V(Z, N) defined 
in (3) and dependent of the number of neutrons N 
and protons Z in the nucleus (not only on the 
atomic number A), with a well radius R= 1.41/83 
Fermi units. The oscillator potential considered 
was standard (with the usual dependence on A but 
not on N or Z), and consequently isotopic and 
isotonic effects of the core potential were not taken 
into account. 

Substitution of the antisymmetrized wave func- 
tion of the nucleus into (A) leads to the following 
final formula for the level shifts (for either the 
rectangular-well or for the oscillator. potential ): 


(9) 


where 
‘cd OEE Sale \ (ade Lal) 1 eee he ee 
(1 be i i) = EH OR AH DK h bo L) CHL a Lees 
7 Sie TUR FET Re Sar I me ff <p I, 2 
a re a a ee 
(Cio PAL = pea), tiem on ye 
Kil Ly = SET REIT ES tot ted, i= Cae ee tote he 
2 "09 a 
[(Ltmtl+4)(-L+h+)), j=l-t, p= —F 
[@+h—DC-bh+! +4), jalt2,  jp=a—t 


|= |<L<1 + by, 
Dat, no =\| Rut (P) | Rests (P) 9? 


The constants f and g (9) are combinations of 

the constants a, c, d, and e of.the perturbing in- 
teraction potential (7), and depend on whether un- 
like particles [n(pp) or p(nn)] or like particles 
[n(nn) or p(pp)] enter into the interacting ‘‘par- 
ticle—pair’’ system: in the case of a combination of 
unlike particles 


1+1,+L— even, 


(10) 


fy =ec—d—e-+a, Su=d—a,; (11) 


and in the case of combination of like particles 


*The correlation interaction could change the wave func- 
tion of the nucleus, and this would lead to some new theoret- 
ical values of the relative level shifts. We assume this effect 
too small in the first approximation. 


“See * 


ip c¢—d'-e—a, 2i=d-+a. (11’) 


The radial integrals Dnl, nol can be calculated 
only by numerical means. Calculations for an os- 
cillator potential were made by Zeldes,"! who tab- 
ulated all the main radial integrals. For a rectan- 
gular well, the tabulation of the integrals becomes 
impossible, in view of the fact that the integrals 
are not standard and in view of the explicit depend- 
ence on the well radius R and of the isotopic or 
isotonic properties of the potential V(Z,N), so 
that an individual calculation is necessary for each 
specific case. 

An analysis was made of practically all nuclei 
A of the ‘‘core + particle’’ type, and of the corre- 
sponding nuclei A+2 of the ‘‘core + particle 
+ pair’’ type, for which either the experimental 
level schemes (or at least one pair of correspond- 
_ ing levels with an established relative shift) were 
known. The core nuclei chosen had closed shells 
or subshells, the Mayer scheme serving as a cri- 
terion. The constants f and g were chosen from 
a comparison of the calculated relative level shifts 
with the experimental values, made simultaneously 
for all investigated typical nuclei. Nuclei in which 
the level shift is due to a combination of interacting 
unlike particles (the constants fy, gy) were dis- 
tinguished from those with a combination of inter- 
acting like particles (the constants fj, g)). 

The constants were chosen such as to obtain 
satisfactory relative level shift values for the 
greatest possible number of nuclei. For this pur- 
pose, the system of equations in the form af + Bg 
= A(6E)exp, obtained for the entire group of in- 
vestigated nuclei with the aid of formulas (6) and 
(9) for the ground levels (according to the Mayer 
scheme) and near-lying levels of the pair, was 
reduced to a system of equations in the form a’f/g 
+ B' =1/g. This system was solved by using a wide 
range of trial values of f/g, in such a way thata 
constant (1/g) common to all nuclei was obtained 
from the left half of the corresponding equation for at 
least one level of each nucleus. We chose in this 
fashion the following values of the constants for 
the two basic potentials and for the two types of 
interacting ‘‘particle-pair’’ combinations: 


fuwwety= +1, Zuweny= — 9.1; | wesc) = Ooi 
Sucosc) = — 0,033 and Figweity= ++ DiS, L1cwell)y = — 2.5; 
Figscy= + 2,5, £1(0sc)= — 1325, 


With these constants the theoretical values of the 
relative nuclear-level shifts deviated least from 
the corresponding experimental values. The ratio 
of the constants fy, /gy and f,/g, was compared 
with the results of certain energy calculations 
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based on the shell model (in particular, with 
Flowers’ results," where the best values of these 
constants were determined from a theoretical 
analysis of the energy scheme of the O!* nucleus) , 
and also with the corresponding analysis of experi- 
ments on np scattering at high energies. It turned 
out that when an odd neutron interacts with a pair 
of protons or an odd proton interacts with a pair 

of neutrons, the estimated ratio of the constants 

is fy/gy ~ (+10)/(-—1) for either the oscillator 
or the rectangular-well potential. This agrees 
both with Flowers’ data and with the correspond- 
ing results of the analysis of np-scattering experi- 
ments. To the contrary, when an odd nucleon in- 
teracts with a pair of like particles [n(nn) or 
p(pp)], the ratio f] /g] for the oscillator poten- 
tial differs from that for the rectangular well, 
namely 


liwoscy 21 (osc)“~— Gis 2)/( Srl) li(weity/Zt(welty~ tr 1)/( =O) 


Whereas in the case of an oscillator potential 
the ratio of the constants (~—2) coincides with 
the np-scattering data (but not with the data ob- 
tained by energy calculations based on the shell 
model), in the case of the rectangular well the 
ratio obtained for the constants (- ¥;) has never 
been encountered before, and agrees neither with 
Flowers’ shell calculations (—/;) nor with the 
results of the analysis of the np-scattering ex- 
periments (-2). 

The results of the calculations and their com- 
parison with the experimental data are summar- 
ized in Tables III, IIIa (combinations of unlike par- 
ticles ) IV, and IVa (combinations of like particles).* 
All possible pairs of nuclear levels (of typical nu- 
clei), for which a relative shift has been estab- 
lished experimentally, are considered. Omissions 
from the tables denote that the corresponding theo- 
retical values greatly deviate from the experimen- 
tal result; the relative shifts in parentheses are 
those for which calculations yield only qualitatively 
correct results. For the levels that the pair added 
to the nucleus can occupy, Tables IIa and IVa in- 
dicate two or three alternative versions, the first 
of which (underlined) is the ground level (above 
the core) within the framework of the Mayer 
scheme. The latter is the result of the approach 
used in this investigation, wherein the data on the 
relative level shifts are distributed among Tables 
III, IV, Ila, and IVa. 

In each calculation of the relative level shifts of 
an odd particle, we assumed first that the pair 


*n and p denote in the tables holes in neutron and proton 
shells respectively. 


ji 
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Table III. Relative shift of single-particle levels A(6E) 
(combinations of unlike interacting particles ) 


Level Combination| Level of 
xe te aX ait a difference ACE xp, of interact- pair AGE) weit, A@E)ose, 
nly — nif kev jing particles] nolpjo kev ey 
aNbet— gNbio | 1g.,—2py,| + 75 p (nn) a i (+90) 
ag] gy” -> apintee 1g), —2p), f= 38 ‘p (nn) 381), + 61 +60 
aoY 8 -> s0Yag | 180), —2P1, | —932 p (nn) £2, P2536 
3 E = in | 
46ST 94 = “aot 3 1g), —2P1), —200 upp) 2p1, ZL AR9 
Nish + o6Fes3 | tfs,—2py, | —264 n (pp) {f, | —260 
21 S59 — 2Scs/ 1s), —2Ps), —140 p (nn) iL faye (—268) 33 


Table IIIa. Relative shift of single-particle levels A(6E ) 
(combinations of unlike interacting particles). 
Competition of pair levels 


| n 
833 a 
a) o 
ne oie) Level differ- |A(SE) aS |Levelof| p> |A(6E) 
ano aXne ence nil—nlj | yey | Bee | Par | Ae moet 
aa Be Beh A kev 
Ow, a | Ss 
08 
87 85 ‘ Pee fs 
aeoliy =2 wets 1g), — 2Pr,, +83 n(pp) a 98 (92) 
Pry, ais “us 
2Py, -+-82 
- 1 5 
Zr3 > Mo?! 1g.) — 2px, 70 n ate 
40" 49 42 49 59/, Ms Uy) n( pp) ) \ 
2p, |; —69 (—94) 
/ | 
2d 
69 91 = ee) 
Pap Go ee OO ber 1g, —2P, | —356 | (nn) te 378 
Gn | baat: 
th | 
115 117 / = yt 
olnhl® — ,oIngg 1g, —2pr,, 2 p(nn) aa ihe ae adele, (--60) 
Pa | Siti tie 2 { ay 
| 
~ 139 137 a= 18, | 
sar > 568 4g1 ts, — Ady, =ahe n(pp) Dd | 79 
~ *Ty aes ie 
Cel37 Balss | 44 od - 16>), Fis 
5xE5 9 560 79 bat rs eae +13 n( pp) 3s : eth 
i 5 re f { 
Snild 5 Cdl3 | 44 35 =u | ee | ee” 
5u> Nes as 48 ~~ 65 Yin), ae es —247 n( Pp) Som 2A | ria 
‘ 4 7 es te 
(2 | 
a7 2 85 ‘ See ey 
ag ROSy > a7Rbag fs), = 2 Pay, —590 P(nn) ip ; 540 
we ig 


Table IV. Relative shift of single-particle levels A (6E) 
(combinations of like interacting particles) 


¢ n 
on © a 
A+2 : eee ‘G 
2 Nes No gine Belden oe AGE)exp, Sot | Level of | LE ail AGE oee 
ntj—nlj kev a Ga pair As kev 
| | bse Noloja a 
: | 3 
87 8i i Aa 
gotae re, epot ae 1gs), seo Pry, +155 n(nn) 185), +163 
91 93 : i 
atNd55 > ag * 50 180), — 2pr), —286 P(pP) 18s), —260 
80 ‘ z 
a9 50 aiNbé5 1g0,,— 22s), ; —1017 | p(pp) 2Piy, (—800) | —1085 
17 119 
Bones oe BSc thy, — a8) —94 n(nn) hee —100 
| 7137 129 
: eran rity acess thar), see 2ds), +485 n(nn) 2d). -+-470 (4-660) 
117 1 : 
pees poten iy, — 381, —231 n(nn) thir), —220 
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Table IVa. Relative shift of single-particle levels A(6E ) 
(combinations of like interacting particles). 
Competition of pair levels 


gu 8 : aa | 
gee 3 
gXyogek ae Level differ- AGE) exp, g 8 & | Level of : 8 > MEE) osc 
ence n/J’j!—nlj kev 24 Q, pair A M leer 
8 te 2 Nolojg > 
97 
aN bsg — asl C56 1892 —2Py | +608 P (pp) 185% 
2pyy | +608 | +633 
5097 ge > Biollan dh Seay —192 n (nn) 351 /5 
18779 sai 
Catt, Ca 48 203i =A fgg | —1359 | (nn) tae 
207421 ~ 990~493 cee 4369 
| Ps)p He 
| Fer —1343 
ABS on ne 2P s/o ee 1 foi —2142 p (pp) Ifo /9 (—1273) 
2p | (1000) 
Af nA (—1562 
91938 23 = {75/2 — “Pej —1075 P (pp) kl > (—1036) 
Pio Seas: 
ie 


added to the nucleus is located in the lowest level 
above the core (shell or subshell). The favorable 
cases where the theoretical shifts agreed with the 
corresponding experimental values are gathered 
in Tables III and IV. However, along with this 
ground level of the pair (according to the Mayer 
scheme), we considered simultaneously a group 
(3 or 4) of neighboring alternative occupation lev- 
els for the pair, and the relative level shifts were 
determined on the basis of the method developed 
above (simultaneous solution of a system of equa- 
tions for all groups of nuclei), with allowance for 
all possible locations of the pair. Quantitative es- 
timates have shown that when the relative shifts 
agree with the experimental values the pair is not 
always at the ground level (above the core) called 
for by the scheme employed. 

In many cases, singled out in Tables IIIa and 
IVa, the theoretical and experimental values agree 
if the pair is at some level neighboring with the 
ground level. These neighboring levels, which the 
pair entering the nucleus can occupy instead of the 
ground level indicated by the Mayer scheme, will 
be called competing levels. It is characteristic 
that the competing levels encountered in all the 
foregoing cases are precisely those closest to 
each other in the Mayer scheme, whichcan, generally 
speaking, overlap when the pair is added to the 
nucleus, i.e., the sequence of two or three neigh- 
boring levels can change. This result is all the 
more worthy of attention, for along with the pair 
levels that undoubtedly compete with the ground 
levels, we considered also two or three (and in 
some cases even more) other levels, which were 


not close from the point of view of the Mayer 
scheme. In none of these nuclei, however, did the 
calculations indicate a possibility that the pair can 
occupy these levels. 

By way of illustration let us describe several 
characteristic cases of level competition in sev- 
eral nuclei. 

For the case of the indium isotopes ,,In{i° 
— yInff’ (AN =+2, Table IIa), the relative shift 
of the levels 1gg/. and 2p;,y is characterized, for 
different pair locations, by the following values 
(for a rectangular well): 


Pair level A(6E)theor, kev 
1 Ay, tls 2 fry, 
2 ds), 
3sy, 421.5 {——1 hy, 
3 Sy/, 
“ dy), + 104 &y, 


A(8E)exp = + 23 kev 


Of the three competing levels, satisfactory results 
are obtained not with the first level above the core, 
1hj;/2, but with the lower level 3814/2, (according 
to the adopted shell scheme) in the direct vicinity 
of the ground level 1hj4/.. 

In the case of a transition from 4,Nb2é to y3Tcze 
(AZ =+2, Table IVa), the relative shift of the 
same levels is (for a rectangular well): 


Pair level A (6E)theor, kev 
: Eo, +: 162 : 81), 
18; 
2p + 608 fe 
1s { 2 Pry, 
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In this case, the competing near-lying levels are 
1gg/2 (ground) and 2pj,;.. Calculations of the rela- 
tive level shifts, carried out for other possible oc- 
cupations of non-competing remote levels by the 
pair, always lead, in the case of the investigated 
nuclei, to values that deviate from experiment. 
For example, in the case of the transition Nb 
— 43Tc?2, the results are clearly unsatisfactory 
for all possible non-competing pair levels: If; /2 
1g7j, 2d372, etc; the situation for the transition 
sginft5 — ygIndi” is analogous. 

In general, for each type of nucleon there ex- 
ist, as it turned out, definite groups of closely- 
spaced levels. These compete, in particular, 
when the number of nucleons of the nucleus is 
changed. In our case considered the competition 
between levels manifests itself under level shifts 
caused by adding an additional pair to a nucleus 
of the ‘‘core + particle’’ type. On the basis of the 
analysis of Tables Illa and IVa, we can single out 
the following groups of competing levels: - 

a) for deuterons 


(If, 2p), Ifs),), (2p, 1 g»),), (2d: 2? Ig, 3s:),); 


b) for protons 


(fry, 2py,, fs), (2py,, 1g,,), (lgz,,, 2ds,), (lhu,,, 2d», 3s: 2) 


We note that in many cases the type of potential 
(well, oscillator) decides which of the competing 
levels will predominate when the pair is added to 
the nucleus (see next to the last line in Table Ila 
and last three lines in Table IVa). 


3. DISCUSSION OF RESULTS 


The theoretical analysis of the relative shifts 
of single-particle levels in nuclei of the ‘‘core 
+ particle’’ type, when a pair of like particles 
(nucleons or holes) is added to the nucleus, shows 
unequivocably that the level shift is due to direct 
interaction (regarded as a small perturbation) 
between the pair and the odd particle. As can be 
seen from Tables III and IV, this mechanism ex- 
plains satisfactorily the relative level shifts in 
typical nuclei, if account is taken of the isotopic 
and isotonic properties of the nuclear potential. 
In the case of a rectangular well, the agreement 
with relative level shifts is found to be very good, 
with the exception of the series of light nuclei for 
which, as expected, better results are obtained 
with the oscillator potential (in spite of the neg- 
lect of its isotopic and isotonic properties). For 
the oscillator potential, the results of the calcu- 
lations frequently disagree with the experiment, 
this being a natural consequence of neglecting the 


dependence of the potential on N and Z. The good 
tabulated results, obtained without account of the 
correlation interactions inside the pair, offer some 
evidence that the correlation effects may affect in- 
significantly the energy values under consideration. 

As can be seen from the calculations of the rel- 
ative level shifts of specific typical nuclei, the num- 
ber of constants necessary for a satisfactory ex- 
planation of these shifts does not exceed the number 
of constants (f and g) involved in the theoretical 
formulas (particularly in the case of a rectangular 
potential well), i.e., the same constants f and g 
are valid for all the nuclei. The latter circum- 
stance is, in the case of a rectangular potential 
well, the result of an account of the dependence of 
the nuclear radius and the depth of the well on the 
neutrons N and protons Z inthe nucleus A(Z, N). 
As was noted by Nemirovskii, @ the dependence of 
the radius of the nucleus and the depth of the well 
on N and Z can be reduced only to the dependence 
on N and Z established above [formula (3)] for 
the depth of the well of the core V(Z, N), with 
the nuclear radius having the usual form R= 1.4x 
A! Fermi units. 

In the case of an oscillator potential, the choice 
of the constants f and g is less successful, but it 
is much better than that obtained by Zeldes,“ who 
used from three to five parameters for each pair 
of levels, and who did not distinguish between the 
principal effects of interactions of the odd particle 
in the nucleus and the secondary effects (in par- 
ticular, the effect of pair correlation). The result 
of the oscillator potential can be improved appre- 
ciably by taking into account the isotopic and iso- 
tonic properties of this potential, i.e., its depend- 
ence on N and Z. Critical remarks of this kind 
were advanced by Peierls (in connection with 
Zeldes’ paper"), who noted that the excessive 
number of parameters used to explain the relative 
level shifts of even-odd nuclei is the result of fail- 
ure to account for the dependence of radius of the 
nucleus (or, what is the same, of the depth of the 
well) on the number of neutrons and protons in the 
nucleus. 

Peierls’ remark does not apply to our work if a 
rectangular well is used. The choice of just a rect- 
angular potential well as an exact potential depend- 
ent on N and Z is connected with the character of 
the available experimental data: most of the typical. 
nuclei with known experimental schemes can be de- 
scribed by a rectangular well better than by an os- 
cillator potential (the percentage of light nuclei is 
insignificant ). 

The competition between pair levels, established 
through the use of the approach employed here, 
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needs additional verification by other means, al- 
though the effect itself was already discussed in 
earlier papers onthis problem.” The verifica- 
tion becomes particularly essential if the corre- 
lation interactions in the pair are taken into ac- 
count, particularly their dependence on the position 
of the pair in the nucleus (as is well known, the 
pairing energy of nucleons is different at different 
levels ). 

In conclusion we note that, within the framework 
of the shell model, the addition to a ‘‘core + par- 
ticle’’ nucleus of not one but two, three, or more 
pairs (all within a single shell) should, if pairing 
is taken into account, lead to relative level shifts 
A(6E) that vary linearly with the number of pairs 
““introduced’’ into the nucleus. This effect was 
theoretically indicated by Zeldes,'* and noted in 
Shpinel’s analysis of the experimental level 
schemes. However, the linear dependence of 
A(6E) on AN or AZ holds only for a definite 
number (2 or 3) of supplementary pairs ina 
given shell, beyond which one cannot regard a new 
pair entering into the shell as being independent 
of the remaining pairs; consequently the linear de- 
pendence is violated and the correlation of the pair 
must be taken into account. Nonetheless, the lin- 
earity observed when at least the first two pairs 
are added is evidence that these pairs are autono- 
mous in the nucleus, and thereby demonstrates the 
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possible insignificance of correlation effects in the 
interacting ‘‘particle-pair’’ system. 

I express my deep gratitude to K. A. Ter-Marti- 
rosyan for numerous discussions and continuous 
interest in the work, and also to N. I. Gaidukov 
for help with the numerical calculations. 
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Interactions which do not conserve parity are included in a treatment of the rotation of the 
plane of polarization of light by a system. A concrete calculation is carried out for the 


hydrogen atom. 


en rotation of the plane of polarization of light 
by an optically active molecule, i.e., a molecule 
whose mirror image is not congruent with the 
original molecule, was first treated from the 
quantum-mechanical point of view by Rosenfeld (1) 
(cf. also @ and ™). It has been pointed out by 
Zel’dovich™ that in the case of parity nonconser- 
vation the effect of rotation of the plane of polari- 
zation is possible in a substance which does not 
contain optically active molecules, and an esti- 
mate of the effect was given. * 

Let us consider this question more fully. We 
introduce the following notations: r, p are the 
coordinate and momentum of the electron, 1 and 
o/2 are the orbital angular momentum and the 
spin, m=1+0, A(r) is the vector potential of 
the light wave, k and € are the wave vector and 
and the polarization, |k| = w/c = 1/x, w and x 
are the frequency and wavelength of the light, mj; 
and m¢ are the projections of the angular momen- 
tum on the z axis before and after the collision, 
and cj and cfr are the remaining quantum numbers 
characterizing the states of the atom before and 
after the collision. 

If the wavelength of the light is much larger 
than the distance between atoms, the substance 
can be regarded as continuous and can be charac- 
terized by an index of refraction n. In the case 
of parity conservation the indices of refraction 
of right and left circularly polarized light are the 
same for a substance that does not contain optic- 
ally active molecules. In the case of parity non- 
conservation, which can be caused, for example, 
by a direct four-fermion interaction between elec- 
tron and proton (neutron), or by the existence of 
an anapole moment of these particles," the even 
states of the atom (or molecule) will contain a 


*There is also a similar estimate in a later paper by Baier 
and Khriplovich,* which deals with parity nonconservation in 
the interaction between electrons. 


small admixture of odd states, and the index of 
refraction n, for right circularly polarized light 
will not be equal to the index n- for left circularly 
polarized light. When plane polarized light passes 
through the medium its plane of polarization is 
rotated in unit length through the angle 


p = (2, —1_)/2%. (1) 


The index of refraction can be expressed either 
in terms of the dipole moment d induced by the 
electromagnetic field of the light wave, or by the 
amplitude for scattering of light by the atom 
through the angle 0°. In “~3] an expression for 
the dipole moment has been found, 


, 8). OH ' , 
d= oe — oo ari, 


which is not invariant under a change of the sign 
of the time, and becomes invariant only when the 
last term is absent, i.e., for y’ = 0. If we express 
the index of refraction in terms of the scattering 
amplitude, then as is well known n is connected 
with the forward-scattering amplitude ay, aver- 
aged over all orientations of the atom (or mole- 
cule), in the following way:!® 


n? = 1 + 4nk?ayNo, 


where Ny is the number of atoms per unit volume. 
In a theory which is invariant under time reversal 
we have 
a (c;, m;, k", 8’; cz,tmy, k, ®) 

= a (c;, — m;,— k, — 8; ¢, — my, —k',—e’). (3) 
Using the Hermitian character of the Hamiltonian, 
we find in the first nonvanishing approximation 
@: (G5, tp, Kye 2 Great, Ke 8) 

= @ (cz, my, kare; cep atte kes): (4) 
In the general case the amplitude 

: yy (ci, Mj, k, 24 Cz, Mz, k, ) 
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can be represented in the form 


aA = 


| [ee’]. (5) * 


Using the Hermitian character of ay, we find 
that a and 6 are real. We note that only the sec- 
ond term contributes to the rotation of the plane of 
polarization. The first term contributes to the po- 
larizability of the atom (or molecule). Since 
(€-€’) does not change sign under inversion and 
time reversal, and k-[€ x €’] changes sign under 
inversion but not under time reversal, it follows 
that the detection of a rotation of the plane of po- 
larization will prove parity nonconservation and 
violation of charge-conjugation invariance, but 
can say nothing about conservation or nonconser- 
vation of the time parity. 

In the nonrelativistic approximation the Hamil- 
tonian of an atom (or molecule) including a part 
that does not conserve parity can contain terms 
of the type Zpjbj, where bj; is an operator which 
contains no derivatives. These terms give an 
additional interaction with the electromagnetic 
field, (e/c)ZA(r;)bj, but it can be shown that 
this interaction does not contribute to the rotation 
of the plane of polarization. 

In the dipole approximation we get 


es 2e* > Pin T(E, By i 
eet (E; rae Wake An 
__ 2e (io)? SV Im tj, My; 
BE 3he mc 2 (B= Ey —-@le (6) 


Let us censider the hydrogen atom. Suppose 
there exists an anapole moment of the electron, 
or else a weak four-fermion interaction between 
the electron and the proton. Then in nonrelativ- 
istic approximation, neglecting the spin of the 
proton in the latter case, we have 


Pe ee isin 6(r) ed (reebh |)/(7) 


at 
If it is the proton that has the anapole moment, we 
must replace Og by Gp in this formula. 

The only terms of importance for the calcula- 
tion are the admixture of the nPj/, states in the 
ground 1S,/. state and the admixture of the 1812 
state in the nPj/2 state: 


*xee'- c-e': [ee] = exe. 
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V=(f/2m) [sep 8(r)-+ 6 (r) eepl. (8) 

After some simple calculations we get 

he 2(E, pe Bl eg (th, — Betas 
80 p nPsy, nP1), fn 1 

PF nek 2) 4 ag 2batn [(E, — F1)? — (toPP 


ra = 5 \ Rm) R:y (1) Pdr, 9 = N,a’, | = 0G, (9) 


where a = fi?/me? is the Bohr radius, G = 10a Wee 
is the weak-interaction constant, and ny = (n, +n_)/2 
is the mean index of refraction. 

Substituting for rp; the expression 


PMGnt V nin — 1-4 a ae 
bal iy shay eR Vo Raa (10) 
(cf., e.g., 1), we find 
yak neg OO) LP One fo \e int Ve Li yee 
pw2-10 * no ae SG) (Coa (i eo : (11) 
fn 
For b= pny 1, (a/x) ~ 1073, we have y 


~ 107! rad/cm. 

Since this expression ~1/Z for iw « Ey -— Ey; 
the rotation of the plane of polarization must be 
largest in hydrogen. It can be seen from Eq. (9) 
that if we do not take the fine structure into ac- 
count we get zero rotation of the plane of polari- 
zation. This leads to a decrease of the rotation 
of the plane of polarization by a factor of 1074 in f 
comparison with the value that could be expected 
from general considerations. Neither inclusion 
of the electron spin nor inclusion of the proton 
spin changes this result. The rotation of the plane 
of polarization of light near resonance, and also 
the conversion of plane polarized light into ellip- 
tically polarized light (the Cotton-Mouton effect) 
can evidently not be observed on account of the 
strong absorption. A more exact formula for @ 
can be obtained by calculating with relativistic 
functions. 

In conclusion I express my gratitude to Acade- 
mician Ya. B. Zel’dovich for many discussions. 
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Diamagnetic perturbations in media produced by intense ionizing radiation are studied. It is 
shown that diamagnetism is produced predominantly by fast electrons. Estimates are given 
of the perturbation in the magnetic field and of the bursts of radio waves accompanying 
powerful bursts of ionization. It is noted that these effects can be utilized for remote do- 
simetry and for recording bursts of ionization, for the investigation of the behavior of fast 
electrons in a medium, for the transmission of force to a medium from an inhomogeneous 


magnetic field, etc. 


f 

ecions of media on a laboratory, terrestrial, 
or astronomical scale are often subjected to ion- 
izing radiation. If an external magnetic field is 
applied to the medium, then whenever the density 
and energy of free electrons is sharply increased 
a diamagnetic moment will appear in a portion of 
the medium the variations in which will give rise 
to wavelike and quasistationary electromagnetic 
perturbations. Such processes can occur in the 
laboratory when a portion of a medium is irradi- 
ated by an intense flux of x rays or y rays, and 
in the atmosphere or the ionosphere under the in- 
fluence of sharp intense bursts of ionizing radia- 
tion, in the case of spark discharges in media etc. 


1. ARTIFICIAL DIAMAGNETIZATION OF MEDIA 


We investigate the diamagnetism of a medium 
due to the diffusion of free electrons produced by 
an ionizing agency. This diamagnetism is caused 
by the transverse drift of the diffusing electrons 
under the action of the Lorentz force due to the 
interaction between the external magnetic field 
and the diffusion velocity. We assume that at each 
instant of time we have a given electron spectrum 
Ne (t, €,r), where ¢€ is the kinetic energy of the 
electrons and r is the position vector of the vol- 
ume element under consideration. The diamag- 
netic moment per unit volume of the medium (c.f., 
for example,“J) is given by 


mm 
Wehgae 
H i +9% 


ie 


Ss 


M,(r,t) ae 


0 
where py is the radius of curvature of the elec- 
tron trajectories, €, is the transverse (with re- 
spect to the magnetic field H) fraction of their 
kinetic energy, and /,(¢€) is the scattering mean 


free path of the electrons; within a wide range of 
electron energies Ig(¢) = Ce?/Z’d where d is the 
density and Z is the atomic number of the mate- 
rial of the medium. 

It follows from the nature of the integrand that 
as the electron energy increases their diamagnetic 
activity also increases sharply. This enables us 
in a number of cases of practical interest to neg- 
lect the diamagnetic contribution of the slow elec- 
trons in spite of the fact that their density can ex- 
ceed by many orders of magnitude the density of the 
high energy electrons responsible for the diamag- 
netism. In particular, in the case of air ionized 
by y rays or by hard x rays the greatest diamag- 
netic effect is due to the energetic Compton elec- 
trons, while the secondary electrons produced by 
them make only a small contribution. ; 

If in the integration we pick out the most effec- 
tive electron groups of volume density ne we can 
distinguish two characteristic cases: for 12 (€ere) 
> PH (medium of low density, or a strong mag- 
netic field, or high electron energies) we obtain 
M, & nee; /H (~1/H); for 12 ( cere) <«K PH (me- 
dium of high density, or a weak magnetic field, or 
low electron energies) we obtain M, ~ nee \12/ 

Hp fy (~H). For example, in the nonultrarelativ- 
istic case M, © nerpHl2, where ro is the classical 
electron radius. 

The effect of artificial diamagnetization of me- 
dia in a beam of x rays can be established under 
laboratory conditions. We assume that a volume 
of the medium, surrounded by a coil for recording 
the signal and by a metallic shell to screen it from 
induced effects, is traversed by an x-ray beam. 
The potential difference appearing between the 
ends of the coil as the intensity of the x-ray beam 
is varied is given by 
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For example, for € ~ 50 kev in air lg = 10; "e*/P 
~ 0.25 cm for P = 1 atm; for an attainable (using 
a pulsed current in the tube of the order of several 
hundred milliamperes) density of such electrons 
Ne ~ 104 electrons cm~? (the density ne = qeTe 
does not depend on the pressure, since the number 
of electrons produced per em? per second is de 

~ P, while their lifetime is Tg = 1/P) and for 

H ~ 10° oe, number of turns Vv = 10° and turn ra- 
dius a ~ 10 cm we obtain @ ~ 107°/T v/sec 

> 107*v if the time during which the intensity of 
the beam changes is T < 107° sec. In the case of 
powerful ionization bursts in the atmosphere (2) 
changes in local magnetic susceptibility are pos- 
sible down to values close to the value of the mag- 
netic susceptibility for an ideal diamagnetic sub- 
stance p= 0. 


2. EMISSION OF RADIO WAVES DUE TO IONIZA- 
TION BURSTS IN A MEDIUM SITUATED IN A 
MAGNETIC FIELD 


In those cases when diamagnetic perturbations 
due to radiation bursts occur sufficiently suddenly 
they must be accompanied by bursts of radio waves. 
These bursts can be utilized for remote dosimetry 
or for recording bursts of ionization in a medium 
subjected to an external magnetic field. The changes 
in the total magnetic moment due to the total instan- 
taneous number N, of high-energy electrons 

M(t) == \ M,(t)dV = N.(t) 
7 


an i 


: Es PF 


will determine the intensity and the spectral dis- 
tribution of the magnetic dipole radiation for wave- 
lengths exceeding the dimensions of the region sub- 
jected to ionization. The intensity of the radiation 
is given by 
W..dw = (8/3c*) |M,, ? dw, 
where 
Me = — ioM. for M (00) == 0 
or 
Ms = —w*M. for M (+ 00) = 0. 
For example, in the case of a sudden appearance 
or disappearance of a magnetic moment My during 


atime T (the condition for sudden change is wT 
<«< 1) we obtain 


Wodwo = (2w?/3stc¥) M3 dw. 


The integrated rate of radiation of energy is given 
by 
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dWidt ~ M%/3 ~ Me/eT*. 


Let us make an estimate of the electromagnetic 
radiation accompanying a powerful burst of y ra- 
diation"*] which produces relativistic Compton 
electrons in a volume of dimensions of the order 
of the mean free path for the quanta (in air the 
mean free path for absorption is Ly =~ 3x10‘P! 
cm). The scattering mean free path for electrons 
in air is lg = 10~*e?,,/P, therefore lg ~ 10* cm 
K py & 10‘ cm for € = 1 Mev and for the earth’s 
magnetic field H ~ 0.3 oe. The instantaneous total 
number of Compton electrons in a volume of di- 
mensions of the order of the mean free path for the 
y quanta is Ne  Nyte/T, where Te is the elec- 
tron lifetime before they lose their energy; Te 
~ 10°-'P3f, sec. For T ~ 3 psec the intensity of 
the burst dW/dt ~ (Ny 10°-2°)2 kw, where Ny is 
the total number of y quanta emitted in the burst. 

In order to obtain more definite information 
with respect to the spectrum of the radiation it is 
necessary to know the specific form of the function 
M(t). From the equation for the balance of the 
number of Compton electrons 


N+ Nel te = Ny (t)s 
we obtain on setting Ny(t) = Ny, exp (—t/T) 
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We now discuss another case of a burst of dia- 
magnetism which arises when a cluster of accel- 
erated electrons falls on the boundary of a dense 
medium in the presence of a longitudinal magnetic 
field. In this case the diamagnetism is associated 
with the appearance of transverse components of 
the velocities as a result of Coulomb scattering. 
For example, if the total number of-electrons in 
the bunch is Ne ~ 10'°, their energy is given by 
€ = 1 Mev, the density of the medium is d~ 1 
g/em? (ls ~ 0.1 cm) and the intensity of the field 
is Hx 10‘ 0e (pq & 0.1 cm # 1g), we obtain Mo 
~ 1cm'oe. The loss of electrons in this case is 
unimportant since the time during which the elec- 
trons lose their energy Te ~ €/exc ~ 3 x 10° !see, 
i.e., it is comparable with the duration of the inci- 
dence of the bunch T ~ a/c ~ 3 x 107!! sec if the 
dimensions of the bunch are a~ lcm. The total 
rate of radiation of energy is given by dW/dt 
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= M2/c®T* ~ M?/aT ~ 3 kw. The ratio of the en- 
ergy of this radiation to the energy of the brems- 
strahlung (or transition radiation) in the portion 
of the spectrum determined by wT S 1 is given by 


Wodiam/ Wobrems~ (8T)?/(eHa)? ~ 3 . 10-2 


for the numerical values given above. By reducing 
the density of the medium and the intensity of the 
field it is possible to increase the intensity of the 
burst of radiation due to the diamagnetism. In its 
nature and in its polarization this magnetic dipole 
radiation differs from the electric dipole field of 
the bremsstrahlung or transition radiation from 
the bunch, and this will facilitate discrimination 
between bursts of radiation. In some cases it is 
necessary to take into account the effect on the 
radiation of the motion of the localized diamag- 
netization produced. Such effects can occur, in 
particular, in cosmic ray showers in which the 
zone of high energy electrons and of high ioniza- 
tion density moves with high velocities. 

We note that pulsed diamagnetic perturbations 
should also be expected from spark discharges in 
a longitudinal magnetic field. These perturbations 
must be more rapid and must produce more radi- 
ation than perturbations associated with the gas 
kinetic spreading of the plasma produced by a 
spark in a magnetic field. (This question is dis- 
cussed in greater detail in @!.) 


3. FORCES EXERTED BY INHOMOGENEOUS 
MAGNETIC FIELDS 


The production of diamagnetism in a portion of 

a medium by a concentrated ionizing agency can 
give rise to forces being exerted on such media 
by inhomogeneous magnetic fields. For example, 
a dense medium situated in the radiation field of 
a reactor will experience a volume force 

= ee AT Chee i 

Poem, a = Ny ieee LCP hats 


tending to expel the medium from the magnetic 
field (F,~ 100 dyne for ny ~ 10!8 quanta/cm? sec, 
1, ~ py and (1/H)(9H/8Z) ~ cm™'). This effect 
can be increased by repeating it many times. For 
example, if in a constant corrugated axially sym- 
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metric field the ionizing radiation is increased on 
those sectors where the field gradient has the same 
direction, then the expelling effect will be additive. 
This effect can be utilized for the dosimetry of 
powerful radiation fluxes, and for the creation of 
circulation in media. In particular, one can attain 
high velocities of gas efflux from a constant in- 
homogeneous or modulated magnetic field by util- 
izing as a local ionizing agency powerful beams of 
radio waves, electron beams, etc. 

In conclusion we note that the well-known effects 
restricting the diffusion of electrons and reducing 
the diamagnetism of an electron gas (for example, 
the effect of Coulomb fields and the transition to 
ambipolar diffusion, the reflection of electrons 
from the boundaries of the volume etc.; with re- 
spect to ambipolar diamagnetism cf. (1 ) do not 
play any appreciable role in the majority of proc- 
esses discussed by us. In these processes the 
carriers of diamagnetism—high-energy electrons 
—are continually being produced and are lost, and 
as a consequence of the dissipation of their energy 
a large number of slow secondary electrons are 
formed which hinder the formation of appreciable 
Coulomb fields capable of affecting the diffusion 
of energetic electrons. The countercurrent of 
these secondary electrons gives a small contribu- 
tion to the diamagnetism due to the low mobility 
of slow electrons. Indeed, the ratio of the densi- 
ties of azimuthal currents of slow and fast elec- 
trons Jg/Jf = Negligks (ngfugkg) 1 & kg /kg, where 
k are the electron mobilities, and u are the directed 
radial velocities which are acted upon by the mag- 
netic field and give rise to the appearance of azi- 
muthal diamagnetic currents (in accordance with ( 
the condition for the equality of the densities of 
the countercurrents we have ngug ~ ngu¢). 


1, Alfvén, Cosmical Electrodynamics, Oxford, 
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Experiments on the three- and four-meson annihilations of polarized antiprotons in hydrogen 
are proposed for the purpose of determining the values of the spatial and charge parities of 


the proton-antiproton system. 


te A paper by Okonov and the writer™ has stated 
the problem of checking whether the spatial and 
charge parities of the system pp are just what they 
should be for a Dirac particle and antiparticle. Ex- 
periments on the two-meson annihilation p +p —7 
+ mt were proposed for this purpose. It is now es- 
tablished that the weight of this channel is very 
small" (evidently there is one two-meson anni- 
hilation for each 400 pp annihilations*). 

In the present paper we show how one can es- 
tablish the spatial and charge parity types of the 
pp system from experiments on the three- and 
four-meson annihilation channels, by using polar- 
ized antiprotons.™ In this connection we also 
discuss a (non-Dirac) choice of the parities 
which absolutely forbids the two-meson annihila- 
tions. This is done because the existence of such 
annihilations cannot as yet be regarded as firmly 
established, because of experimental difficulties: 
it is necessary to exclude cases of annihilation 
pt+p—-a7*+7 plus 7° ora low-energy y-ray 
quantum (such annihilations are not forbidden by 
this choice of parities). On the other hand, the 
absence of two-meson annihilations would not be 
conclusive evidence in favor of this choice of the 
parities (since other explanations are possible). 

The proposed experiments also allow a check 
of a hypothesis of Okonov," which explains the 
suppression of the two-meson channel by assum- 
ing that pp annihilation in the singlet state pre- 
dominates. 


*This fact is not in contradiction with the simplest statis- 
tical theories of multiple production, which give the correct 
mean multiplicity on condition that the interaction volume is 
taken to be ten Fermi volumes, i.e., about 10 - (47/3) (h/mgc)*.** 
Obviously the agreement is worse with statistical theories that 
take the interaction volume to be (47/3)(h/mzc)*. By including 
the a7 interaction and other considerations, these theories 
give the correct mean multiplicity, but one gets a two-meson 
channel of the order of several percent (cf., e. g.*). 


2. As in "4, the various choices for the parities 
of the system pp are denoted by symbols { 5p: Capt P 
where Tp is the product of the intrinsic parities 
of p and p and cpp is the factor +1 or —1 in the 
expression +1(-1 yl+s for the charge parity of 
the system pp. 

In the Appendix it is shown that for the choice 
{—1, —1} (which forbids two-meson annihilation ) 
the angular distribution o (3, y, #’) of the reaction 
p+p—a* +7 +7° must go to zero at the points 
3 = 0’ = 90°, gp = 0 or 180°, whereas with the other 
choices a (90°, 0°, 90°) does not have to equal zero. 
3’ is the angle between the direction p, of the in- 
cident beam and the total momentum p’ of the 7° 
and m mesons (in the c.m.s. of the reaction); 3 
is the angle between p’ and the momentum p of 
the * meson, referred to a Lorentz frame in 
which the total momentum of m* and 7 is zero; 
gy is the angle between the vectors Pg x p’ and 
p’xp. By o(¥, vg, #’) we mean the angular dis- 
tribution integrated over the azimuthal angle of 
the vector p’ (for this it makes no difference 
whether or not the p or the p is polarized). 

If o (90°, 0°, 90°) = 0, the integral of o(¥, 9, 

%’) over a neighborhood of the point (90°, 0°, 90°) 
cannot exceed a certain fraction of the total cross 
section o of the three-meson channel. 

It can be shown that in this version of the theory 
the angular distribution o(3_, g_; 3,, 94; ¥) of 
the reaction p+p—~-7 +m +7* +7* (integrated 
over gy’) must be zero for g_, y, equal to 0 or 
180° and 3. =v,. Since this is true for arbitrary 
angles #’ and J_(=¥v,), the integral 

\d cos 0” \4 cos O_ >) CHOe) a: Mero hy 

i) 0 a 8=0,7% 
must also be zero. The definitions of the angles 
are as follows: # and g’ are the spherical angles - 
of the sum p’ of the momenta of the two m mesons 
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(in the c.m.s. of the reaction) relative to the set 
of axeS ZaYgXq (the zg axis is parallel to the in- 


cident beam, and the yg axis is, for example, along 


the polarization vector of p); #_ and g_ are the 
spherical angles of the momentum p_ of one of 
the m™ mesons (in a Lorentz frame in which the 
total momentum of the two 7 mesons is zero) 
relative to axes z’y’x’ (the z’ axis is parallel to 
p’ and the y’ axis is parallel to z, x p’); 3, and 
g, are measured in this same set of axes. The 
expression for p_ in terms of the momenta pj 
and p> of the two 7 mesons, measured in the 
c.m.s. of the reaction, is given in Eq. (A.2) of the 
Appendix. 

3. We note that a study of the angular distribu- 
tion of the annihilation mesons makes possible 
a check as to whether the spatial, charge, and 
combined parities are conserved in the annihila- 
tion process. Namely, from invariance under 
spatial inversion I and the existence of definite 
parities of p, p, and the 7 mesons it follows that 
o(3, gy, 3’) =a (8, —g, 3) for three-meson anni- 


hilation and 
0’) = 0. (o_, eetpme OU 0’) (2) 


for four-meson annihilation (cf. "). From invari- 
ance under the charge conjugation C it follows that 


AOS a —_; 0, 


o (3, 9, ®) = 0 (xn —8,9,x —®), 
0 (Gee Gf. a5 P.5 0’) = (5 maiea2 o.3 Taaes oF). (3) 


Finally, from invariance under IC it follows that 


0 (3d, op, 0’) =e 10} (x —%, aaa Tt — ’), 
mie, o, 0, 9,0) =o (0, 9; 0, ¢559). (4) 


The angular distributions have these properties for 
any choice of the parities. 

4. The availability of polarized antiproton 
allows us to propose the following simple experi- 
ment for the determination of the spatial parity of 
pp. One needs to compare the signs of the quanti- 
ties A; and A, (see eRend ss ie are defined 
for the reaction p+p—7 +7 + a in the follow- 


ing way: 


gf] 
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n/2 m 7/2 
d Oe Wid cv) do’H (8, 8’, ’ 
sha: cos | cos Mie pH ( me) 
3m /2 
— | do’H (8, 9, 9), 
n/2 
As = ( d cos 0" | d cos | dp’ H (8,8, ~’) 
n/2 0 —n/2 
37/2 
—\ dg’'H (8, 9, 9). (5) 


7/2 


Here H(3, J’, g’) = F (3, 0°, &, g’) + F (ad, 180°, 


&’, yp’), where F (#8, g, 3’, gy’) is the angular dis- 


tribution of the reaction in the case of polarized p 
(or p). Thus one must select cases in which p 
lies in the plane formed by the vectors pg and p’ 
(i.e., g = 0 or 180°), divide them into four classes, 
and compare the signs of the right-left asymmetry 
for backward emergence (in the c.m.s.) of the n° 
mesons (Aj,) and for forward emergence (A,). 
The amount of allowable spread of the angles 
around 0° and 180° depends on the absolute values 
of A, and A, and on the energy of the p. It can 
be seen from Table I that the relative sign of A, 
and A, determines the choice of the spatial parity. 

In the case of four-meson annihilation every- 
thing that has been stated holds for quantities A, 
and A, defined in the following way: 

_ T 

Ai =\ dcos\ d cos, \d 
0 


0 0 


n/2 37/2 . 
cos ®” | \ de’ — \ dg’ |, 


« 
—7/2 m/2 


n/o 


d cos 0” | ( dg’H Tage if 


—n/2 zx/2 
(6) 
F(S_, 2384, 839, 9’) 


Se = a 


As == Pease" | d cos 8, 
0 Bo 


Here H means the sum )) 

@,B=0,7 
[cf. Eq. (1)]; it is understood that p (or p) is 
polarized. 

We note that the observation of reliable cases 
of two-meson annihilation, together with equality 
of the signs of A; and A,, would mean that the 
parities are those given by the Dirac theory. 


Table I 


| Relative sign of 


Parity't R+L)—(F+B) I (9, 9) 
ard oa | A, and aX ( Dak | 
Dirac type “i i 
pethyi Woy | a ee at AtAR (90°, 90°)=0 
o=0°, 180° 


ms eat Vit) i 


1 (90°, 90°)=0 


( 
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5.. More difficult experiments—with both the 
antiprotons and the target protons polarized—would 
make it possible to establish the choice of the 
charge parity. One can see whether the quantity 
7/4 
\ do'G 


—74 


(R4-L) —(F + B)= 


—3n/4 37/4 
+ \ de’'G— \ do’G — 


37/4 7/4 


Sate 
dg’G, (7) 


—37/4 


(see Table I) is zero at the points $ = 0’ = 90°, 
g =0or 180°; here G(¥#, g, &, gy’) is the angular 
distribution of p+p—7* +7 + rv in the case 
of antiprotons and protons polarized in the same 
direction perpendicular to the beam. 

A distinguishing feature of the choice Chp = — Ih 
is the vanishing at the point 3 = #’ = 90° of the 
quantity 


1 (0,0) =| do|\ dee @, 9,0, 6’) 
0 0 
a \ dg’ F (8, g, Os 9’) | (8) 
0 
(see Table I). Instead of F one can use the angular 
distribution from unpolarized p and p. 

6. For the Dirac choice of the parities it fol- 
lows from the selection rules for the spatial and 
charge parities that two-meson annihilation can 
occur only through the triplet states of the system 
pp (cf. e.g., Table lin reference 1). Okonov!4 
has suggested explaining the suppression of two- 
meson annihilation by the hypothesis that pp an- 
nihilation is possible only in the singlet state of 
this system. Then the angular distribution of the 
annihilation mesons must not depend on the azi- 
muth g’, even if the antiprotons are polarized. In 
particular, we must have A; = A, = 0 and I(¥, 3’) 
= 0. On this hypothesis there cannot be any de- 
pendence of the angular distribution of the annihi- 
lation products on the polarization of p or p. 

In conclusion I express my gratitude to Profes- 
sor M. A. Markov, V. I. Ogievetskii, and sees 
Okonov for discussions. 


APPENDIX 


THREE-MESON ANNIHILATION 


1. For the reaction p + p—7* + 17 + 79 the 
selection rules for the spatial and charge parities 
are 
Sete) ce (yeh 7, 


(A.1) 


1, is the orbital angular momentum of the system 
pp, J is the orbital angular momentum of m*7", I’ 
is the orbital angular momentum of the system 
(r*n~) — (1°), and s is the total spin of pp. From 
Eq. (A.1) we do not get any simple results (such as 
that annihilation from the s state is forbidden) of 
the sort we had in the case of two-meson annihila- 
tion, where such results make it possible to dis- 
tinguish the parity types {7p, cpp} in terms of 
the energy dependence of the cross section. A dé- 
termination of the parity type in general requires 
experiments with polarized p and p. 

2. Let us get from Eq. (A.1) the resulting rela- 
tions between the amplitudes (pp’ |R|pamamp) 
for transition from the initial state characterized 
by the presence of p and p with the relative mo- 
mentum Pg and spin projections mg and mp on 
the direction of pg to a final state with three 7 
mesons in a state described by the momenta p 
and p’. p is the momentum of the m* in a Lorentz 
frame in which the total momentum of m* and 7 
is zero (the momentum of the 7m in this system 
is -p). Inthe c.m.s. of the reaction this total 
momentum is p’."%8] If p,, p., and ps denote the 
momenta of 7*, 7, and 7m” in the c.m.s. of the 
reaction, then 
VrP+ ey 


(py + pa pr) ( E12 
pz=— Pi (Pi =f p2) | ot pe eS 1] 


p =p +p: = — pz, 
where (cf. £7) 


Fu = Veer t+ Vp + %*, Xp. = V EX, — (Pi Pe)? 


(x is the mass of the 7+ meson, and the speed of 
light has been set equal to unity ). 


The following expression has been obtained in 
[7] 


X12 : 


(A. 2) 


<pp’ | R | Palttatny >= Ring, mp (3, g, 8, g’) 
= >) (4n)*(27 41) VOEHIDE 


£,8,m 


, 1 J 
x ae ae (as I, 0 ’ m—’) <lm |R | MaMp>, (A.3) 
WF ig 21 4 J 1 ae J 
<Im|R"|mam> = >; \/ aH Cini Ll’ 4 RY shes 
Claas uv . 
pal oa i sig +mp Jing +mp 
x ) I ae) Vom op Csmatiy q0 > (A.4) 


3’ and g’ are the spherical angles of p’ relative 
to axes with the zg axis parallel to pg; ¥ and 
are the spherical angles of p relative to axes 
z'y’x’ (the z’ axis is parallel to p’, and the y’ 
axis is parallel to [p, x p’]). Furthermore, 


Dhnvn (220. Su eime:p} (cos @) eine, 
where the function 4p differs from the function 


(—1x,%,a —qg) 


I SSIS 'S=*—C“CC 
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iF Phin defined in "! by the factor i8-™ and is equal Then R_4/,-4/2.(3, —¢, &) =a’, and similarly for 
' to the function dfn in defined in", b, c, and d; 

In the right member of Eq. (A.4) let us insert 
under the summation sign a factor Chp(-1 ylats+L | 
which is equal to +1 by Eq. (A.1); we then use a =a; Roy, 30 — 0, -= 9, n= 0) = 
property of the Clebsch-Gordan coefficients: 


Ray, =f (x — U, Q, 1 —%) 


i / and similarly for b, c, and d. 

mM _- in —s—l, J,—iig—m Lh : 3 
Be, aah Cm ey, 140? 3. If the beam and the target are polarized in 
the direction yg (perpendicular to pg), the angu- 


SMg+Mp a Wisse heroes tis god 
Hamg'/am 5 ie Ci mg e—ma’ (A.5) lar distribution of 1*, 1, 7° is of the form (ete, 
[11] 
We then can verify that the right member of Eq. ames ) 


(A.4) is the element (Im|RJ|—mp-—m,) multi- 


G (0, uae Vr W (8, 7 Or QP —ImW_ce x 
plied by c5,(-1)!*4; that is, (8, 9,0", 9) © W (8, 9,8) + V2 Py[—Im W_cosp 


+ Re W_sing’] + V2P, [— Im W_ cos 9’ 


Im|R” | mamp> = c= (— 1)44 <lm| R’|— my — m,>. (A. 5 
<lm|R | Mg iM > Cop ( ) <Im | R°| Mp Ma ) ( 6) 4+ Re W_sing’] eee, [Re Wied: cos 2’ 


Substituting the right member of Eq. (A.6) for Lim W aoe eRe wi mie 
(Im | RI | MgMp) in the right member of Eq. (A.3), . i> Ceo 
and using the equation (for integer j) The values of the antiproton polarization Py and 


the target proton polarization Py are defined in 

the usual way as the average values of the y com- 
hy DP, 2 ean, «00, eo) ponent of the spin operator, oy /2. The coeffi- 
cients W that appear in Eq. (A.10) can be expressed 


ED, (— I, 0, 5 ) 


hy i—n Jy! ee 7258 Bb. 
= (Dan, n(— %, iad y (A.7) in terms of the transition amplitudes a, b, c, d: 
we get the following consequence of invariance W (8, 9,0) = a? +|oP2 +i cP +] ap, 
under the charge conjugation C: W. = (act + ba")/2 V2, W. = (eb +cd°)/2V2, 
ae ‘ ‘ ey SE het A.11 
Ring my (0, 9; 0 ,@’) = hm,, my ==, go; t— 1 = @ )e Wo te ad 02 W_, Me: bc zie ( ) 
(A.8) It can be seen from Table II that b = +b or b 


= =D depending on the parity type, i.e., b does 
not (or does) change sign when J and ¥’ are re- 
placed by 7—¥/ and 7-2’, respectively. We shall 
Ring, mp (9, P, 8", F’) say that the function b is even (or odd) relative 
mam : ; to the point ¥ = 3’ = 90° (for any g). From 
eat |) ; Reng, my (Os) 9G) A-9) Table II and Eq. (A.11) it follows that for mp = -1 
The dependence of Rm, ,mp!*: gy, s, 0’) on g’ is the coefficients W_ and W_ for ~ =0 and 180° 


Analogously, we can get (cf. © and "") the con- 
sequence of invariance under spatial inversion: 


known [see Eq. (A.3)]. Therefore we can remove are even functions relative to the point 3 = 3’ = 90°, j 
a factor exp{i(m, +mp) g'} from the equations and for pp = +1 they are odd functions. The func- 
(A.8) and (A.9). Hereafter we shall not write the tions W_|_ and W__, are even functions in all 


argument 9’. parity types; in some types they vanish at the 
The relations (A.8) and (A.9) and some combina- points J = 3’ = 90°, » = 0 and 180°, or on the line 
tions of these relations are written out in Table II %=¥#' = 90°, o arbitrary. It can also be seen that 


for the various parity types. The following nota- for the type {—1, —1} all of the functions a, b, c, 
tions have been used: d, and consequently all of the W coefficients are 


zero at the points 3 = ¥’ = 90°, g = 0 or 180°. 


Berean (ites) ay Bent Ps Along with these quantities the integral 
Rey), = (6555 Rasy, +1}, —— a 
Table II 
| 
Parity type i | C | 1c 
eae a oe ar re sli nie | hss i “ee ey 
{—1, +1} a=d', b=—c’ i a=d, b=b, c=c | a=a', d=d’ 
Dirac type Ly st = bh z. 
(=f Sou a ead, == Cee d, b=—b, c=—c |a=—a’, d=—d’ 
{+1, +1} a=—d', b=c a=d, b=b, c=c a=—a’, d=—d' 
54, —13 a=—d', b=c’ | a=—d, 6=—b, c=>—c =a dn" 


ie Oe om 
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\ do’G (8, 9, 8, 9’) = 5 (8, ¢, &) 


i 


S 


also vanishes at this point (see Article 2 of the 
main text). 

In processing the experimental data one must 
obtain from Eq. (A.10) the coefficients of cos g’ 
and cos 2p’ and that of PyPy Re W_,,. In some ~ 
cases it is not necessary to study the behavior of 
these coefficients as functions of J, 9, w’; itis 
enough to consider certain integrals of the coeffi- 
cients over these angles. The recipes given here 
for distinguishing between the parity types corre- 
spond precisely to the determination of the coeffi- 
cients and the subsequent integration (if this is 
possible). 

We note that for the determination of Tp it 
would be sufficient in principle to use only the in- 
variance under the inversion I. For such a pro- 
cedure, however, it is necessary to know the signs 
of the polarizations of p and p (i.e., to know 
whether Py and Py are positive or negative ) 

(cf. (12) ). 


Note added in proof (June 15, 1961), At the present time 
(June, 1961) it has been definitely established that there are 
two-meson pp annihilations [see G. R. Lynch et al., Bull. 
Am. Phys. Soc. II, 6, 40 (1961)]. Therefore agreement of the 
signs of A, and A, would mean that the parities are those of 
the Dirac theory. 

A. Pais has called the writer’s attention to the fact that he 
had previously [Phys. Rev. Letters 3, 242 (1959)] pointed out 
certain symmetries of the angular distribution of the products 
of pp annihilation which follow from conservation of the 
charge and combined parities. It can be shown that the first 
equations in the relations (3) and (4) of the present paper are 
equivalent to Pais’s relations (5) and (6). 


1M. I. Shirokov and E. O. Okonov, JETP 39, 285 
(1960), Soviet Phys. JETP 12, 204 (1961). 

20, Chamberlain, Proc. 1960 Int. Conf. on High 
Energy Physics at Rochester, Univ. of Rochester, 
1960, p. 653. 

3. Segré, Ann. Rev. Nucl. Sci. 8, 127 (1958). 

4B. R. Desai, Phys. Rev. 119, 1390 (1960). 

5&. Eberle, Nuovo cimento 8, 610 (1958). 

6. O. Okonov, JETP 39, 1059 (1960), Soviet 
Phys. JETP 12, 738 (1961). 

™M. I. Shirokov, JETP (in press). 

8R. H. Dalitz, Phys. Rev. 94, 1046 (1954). 

9Gel’fand, Minlos, and Shapiro, Predstavleniya 
gruppy vrashchenii i gruppy Lorentsa (Represen- 
tations of the Rotation Group and the Lorentz 
Group ), Fizmatgiz, 1958, Part I, Sec. 7. 

10M. Jacob and G. C. Wick, Ann. Phys. 7, 404 
(1959). 

11M. I. Shirokov, JETP 36, 1524 (1959), Soviet 
Phys. JETP 12, 1081 (1961). 

125. M. Bilenky, Nuovo cimento 10, 1049 (1958). 
R. H. Capps, Phys. Rev. 115, 736 (1959). 


Translated by W. H. Furry 
38 


= 


SovilT PHYSICS JETP 


VOLUME 14, NUMBER 1 


JANUARY, 1962 


DETERMINATION OF THE PION-NUCLEON INTERACTION CONSTANT FROM THE 
DIFFERENTIAL CROSS-SECTIONS OF ELASTIC pp-SCATTERING 


Yu. M. KAZARINOV, V. S. KISELEV, I. N. SILIN, and S. N. SOKOLOV 


Joint Institute for Nuclear Research 


Submitted to JETP editor January 24, 1961 


J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 197-198 (July, 1961) 


We have used the p-p scattering cross sections at 147, 330 and 380 Mev to determine the 
m-N interaction constant f?. The results obtained from Ep equal to 137 and 380 Mev do 
not disagree with a value f? = 0.08. The cross sections for an energy of 330 Mev can not 
be made to agree satisfactorily with the value f? = 0.08. 


An analysis of the experimental data on neutron- 
proton scattering!) has shown that, within the lim- 
its of experimental error, the differential cross 
section Opp(#) is apparently not in disagreement 
with a value of the renormalized pion-nucleon in- 
teraction constant f* = 0.08 in a wide energy range 
from 90 to 630 Mev. As a similar study of the data 
on proton-proton scattering may give interesting 
results, we studied opp() at energies of 147221 | 
330%], and 380 Mev by the same method as the 
one used in "4, 

The Coulomb effects were taken into account 
by a method proposed by Stapp and co-workers."! 
To do this the R matrix is written in the form 


R=S—1=S—S,4+8,—-1=4+R, 


where @ is the matrix the elements of which can 
be expressed in terms of the total phase shifts 6, 
and the phase shifts due purely to Coulomb scatter- 
ing, ®,, and Re is the R-matrix of the Coulomb 
scattering alone. The values of the 6, are taken 
from '] and ©, 

The corrections to the Coulomb expression 
which we have obtained were evaluated from the 
differential cross sections. The errors introduced 
here were determined from the errors in the phase 
shifts, assuming these to be independent. This 
leads, apparently, to an increase in the error of 
determining the Coulomb effects as one can show 
that there exists the relation A?/A% = k between 
the weighted mean squares of the error sources 
se and A? found with and without taking correla- 
tions between parameters into account; k = (Zkj)/m 
is the average correlation factor!) and m the num- 
ber of parameters which is varied. 

The nuclear part of the p-p scattering cross 
section was written in the form 


1 1 7 


SelM a ae ia — x)? "5 (Xo + mE | 
Umax 
4 4 ‘ 
A ae xe + =! 1 2 : (1) 


where we used the well-known analytical proper- 
ties of the p-p scattering amplitude [in the same 
way as was done in '" for oyp(#)], and where b 
= eae) yu. is the pion mass, k the momentum of 
the particle in the center of mass system, xX) = 1 
+b, x=cos#, and a and Ay are undetermined 
coefficients. 

We used the following facts to estimate Nyax 
in (1). Using the Mandelstam representation and 
also the data in a paper by Cini and co-workers! 
one can show that the contribution to the polariza- 
tion P (3) Opp (+) from terms in the amplitude 
which are singular at x = +X) vanishes, when 


max 
P (8) Op, (8) =sin 8 >) crx, 

n=0 
where nNmax is the same as the Nyax in (1).* ff 
one knows the angular dependence of the polari- 
zation one can thus establish at which orbital an- 
gular momenta the main contribution to the scat- 
tering cross section begins to give the pole term 
contained in the single-meson diagram. 

The coefficients a, found for energies of 380 
and 147 Mev give for f? values of 0.066 + 0.014 
and 0.07 + 0.015 respectively for v? = x2/x? = 0.6, 
1.6 and nmax = 1 and 0. These values agree well 
with the results obtained from considering in '*! 
Onp(s) and do not contradict f? = 0.08. Increasing 
Nmax by unity does not change a; appreciably in 
either case. The fast increase of the error with 
increasing nmax makes it, however, impossible 
to consider data for which nmax is larger. 
~*A similar relation exists also in the neutron-proton scat- 
tering case. 
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The coefficient a, obtained for Ep = 330 Mev 
turned out to be approximately one order of mag- 
nitude larger than for Ep = 380 and 147 Mev, and 
f? = 0.19 + 0.01 (OQmax = 2). A change in the num- 
ber of terms in the expression for Opp ( 2) does 
also in this case not influence the magnitude of 
the first coefficient greatly. The criterion of 
agreement, v2 = x2/ x" remains constant and in- 
adequate when we change nmgax in (1) from 2 to 4 
(v?=3). An attempt to satisfy the experimental 
data with a fixed coefficient a, = f* = 0.0064 in- 
creases v’ to 3.9 and also gives An, < 0. This 
may all possibly indicate that there is an appre- 
ciable error in the experimental data on opp() 
at that energy. One should mention, however, that 
in a discussion of the results obtained with L. I. 
Lapidus it was noted that this fact may be con- 
nected also with the ‘‘near-threshold singulari- 
ties 775) 
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The problem of radiative corrections to B decay is discussed. A method is indicated for in- 
troducing different form-factors for the proton and electron (for the interaction with the pho- 
ton) without coming into conflict with gauge invariance. An estimate is made of the contribu- 
tion from diagrams that correspond to the emission of a virtual photon directly from the 
four-fermion vertex, as renormalized by the strong interactions. This estimate shows that 
the contribution of these diagrams can decidedly change the size of the radiative correction to 
B decay and eliminate the discrepancy between the predictions of the theory with a conserved 


vector current and the experimental results. 


de In recent times there has been a number of 
papers |''~8] on the calculation of the radiative cor- 
rections to B decay and yp decay. This interest in 
the radiative corrections is due to the fact that if 
the radiative corrections have been calculated cor- 
rectly and if the experiments on the lifetimes of 
the O' nucleus and the p. meson are correct, then 
the hypothesis of the conservation of a vector cur- 
rent in B decay 1 is untrue." The radiative cor- 
rections to uw decay have undoubtedly been calcu- 
lated correctly, since 4 mesons do not take part in 
the strong interactions, and the result is finite in 
any order of perturbation theory!" and does not de- 
pend on a ‘‘cut-off.”’ 

For B decay the situation is different. It has 
been shown!>*! that the correction to the lifetimes 
of the neutron and the O' nucleus is logarithmic- 
ally divergent in the region of large momenta of 
the virtual y-ray quantum. To get finite results, 
which could be compared with experiment, one has 
made a ‘‘cut-off’’ in the vertex parts for the inter- 
action of the photon with the proton and electron, 
using for both the same value of the momentum of 
the virtual photon, A ~ Mp. The electromagnetic 
form-factor of the proton is due to the strong in- 
teractions and actually cuts off at Ap ~ Mp» but 
the electron does not take part in the strong inter- 
actions, and its form-factor is cut off by the weak 
interactions at values Ae ~ 50—400 Bev. 

If, however, one simply introduces different 
cut-off limits for the electron and proton, the cal- 
culation is not gauge invariant. Since the neutron 
and proton that take part in the B decay can be re- 
placed by an arbitrary number of virtual 7 mesons, 
it is possible for a y-ray quantum to be emitted 
directly from the complete four-fermion vertex. 
These processes, which have not been considered 


in references 2 and 3, are represented by diagrams 
1, 2, 3 (see figure). In the present paper we shall 
take into account the difference between the form- 
factors of the proton and electron, without destroy- 
ing the gauge invariance, and shall estimate the 
contribution from diagrams 1, 2, and 3, which cor- 
respond to the emission of a y-ray quantum from 
the four-fermion vertex. 


2. We shall prove the gauge invariance of the 
second-order radiative corrections to B decay. 
This means that if we take the propagation function 
of the photon with an arbitrary longitudinal part, 


(1) 


the result will not depend on the arbitrary function 
C(k?). With effects of a possible renormalization 
on account of strong interactions included, the 
matrix element for B decay is of the form 


2G 2) (pF (q) Wn) (tpe O; (1 2 Ys) Py)» 


L 


Duu(R) = — ik*(8y» + C(A2)R 2k, R,), 


where i=1,..., 5 numbers the possible types of 
weak interaction, Oj are the usual local operators 
of B decay (Oj = 1, Yur Spy i¥sYu> Ys for i 
=1,..., 5), and F(1)(q) is the most general 
form of the operator producing the change of a 
neutron to a proton in the i-th type of B-decay in- 
teraction (including effects of any number of vir- 
taal mesons); F‘!) depends only on the total 
momentum q transferred to the leptons. It is ob- 
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vious that FQ) (q) is represented by the sum of all 
diagrams with one vertex Oj for the emission of 
the lepton pair (e, v) and any number of virtual 
m-meson and nucleon-antinucleon lines. 

Let us consider one of these diagrams and de- 
note it by t) (p41, Dy, d), Where py py, q are the 
four-momenta of the neutron and proton and the 
total four-momentum of the leptons. Let i) 

(p14, Pz, g, k) be the matrix element for the emis- 
sion of a photon with momentum k and polariza- 
tion A from the diagram f 4) (pj, p), q) (the mo- 
mentum p; of the incoming neutron is fixed). The 
matrix element fi) (py, Pz, gq, k) is represented by 
the sum of the diagrams corresponding to the 
emission of the photon (k, A) from each charged 
line of the original diagram ft!) (p,, p», q). 

In electrodynamics the well known generalized 
Ward’s theorem 


Poh pis Pus ese) = € (G+ (p =k) = G* (p)} (2) 


is valid both for fermions and also for bosons.|1 
Applying it to the calculation of the quantity 

kf (py, Pe, Gg, k), we find the only charged line 
that contributes is that ending in the proton, and 
the contributions from the closed charged loops 

add to zero. The result is that 


Ryf (pi, pz, q, R) 


= e {f) (pi, pz, g) — Ff (pi, pz —k, g + B)}. 


Summing this equation over all diagrams, we 
get 


kyFX? (pr, p2, 9, 2) 
(3) 
In all there are six diagrams for the radiative 
corrections (see figure). (Diagrams with emission 
of the y-ray quantum by the neutron are always 
gauge invariant when summed, since the charge of 
the neutron is zero.) Let us find the contribution to 
these diagrams from the longitudinal part of 
Dyyp(k) (we denote it by 6F“)), Let us consider 
diagram 1. It is obtained from the original dia- 
gram F)(py, p), q) by the successive emission of 
two photons with momenta k and —k; according to 
Eq. (3), we have the following equation for the 


emission of photons with arbitrary momenta k and 
k’ from FQ) (py, py, q): 


ae Oy! (p1, p2, q) rie ou (p1, pz — R, Gri R)}. 


RP pie, — Ry BR) 
=e {kFy (pi, Po —k’, 9g; ’) 
— RF yu (pi, Po — Rk —R', gq +k; k')} = LF (py, po, Q) 
+ F (pi, pa —k —R', g+k+k’) — F (pi, p2 —k, gq +k) 
— F (pi, pp — k', g +k’)}. 
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po | 
| 
Setting k’ = —k, we get 
kak FS (pr, pz, q; Ry — k) = @ {F (pr, p2 — k, g +h) 
+ F (ps, ps +k, q —k) — 2F (pn, pa, )}- (4) 


In our treatment each individual diagram with a 
virtual photon connecting two lines is counted twice, 
since we have summed independently over the pos- 
sible points of emission of the first and second 
photons; therefore the result must be divided by 2.* 
We get as the result 


i ee ¢ C (e i 
OF) = — ay \ oe Oo ps 


— F (pi, pp—k, q +8)] (4a) 


(the index 1 indicates that this is the contribution 
to the matrix element from diagram 1). An analo- 
gous treatment can be used for the other diagrams. 
We give the results: 


SFE) = OF) =o late SP (F (pr, pa, g) 


e 
(21)4i 


IF hi pa: BG ee eg (4b) 


. i é e Cems £ 

SFO = BF) = — aa tte FO, pe), (Ae) 
Stents 2 C (R? a 
OF) = aoa, \ de £29 PO (pi, pp — kg +h). (4d) 


Adding, we get fT 
Dore = 0. 
R 


8. Thus the validity of the generalized Ward’s 
identity (2) at each electromagnetic vertex and of 
the identity (3) at the four-fermion vertex guaran- 
tees that the requirements for gauge invariance of 
the radiative corrections to B decay are satisfied. 
This means that the result will not depend on the 
choice of the arbitrary function C (k?) in the pho- 
ton propagator Duy (k). Equations (2) and (3) im- 
pose restrictions only on the longitudinal parts of 


*Actually this treatment is a simplified one, since the 
equation (3) does not relate to the case in which the photon 
is emitted and absorbed by the same virtual line in the dia- 
gram F), Furthermore, for the 7 mesons there are double 
electromagnetic vertices. A rigorous treatment, however, does 
not change the result. 

tIt can be seen from these formulas that the sum of dia- 
grams 4, 5, and 6 is not separately gauge invariant if the form 
factors F“) (q) of the weak interaction depend on the momen- 
tum q. The » meson has no strong interactions, and therefore for 
the decay of the » meson F@) (q) reduce to the corresponding 
local operators y,(1 + ys). The radiative corrections to 1 de- 
cay are represented by the diagrams 4, 5, and 6 only, and 
their sum is gauge invariant. With the transverse gauge (la) 
each of these diagrams is finite, and consequently the result 
does not depend on the arbitrary cut-off momenta A,, and Ae. 
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the electromagnetic vertices T'y, Fi) and FD, 
and the transverse parts of Ty, BY Fy can be 
arbitrary. 

We shall suppose that the longitudinal parts of 
Tp BY; Fi) are chosen so that Eqs. (2) and (3) 
are satisfied, and take C(k*) = —-1, i.e., we take 
Duv(k) in the transverse gauge of Landau and 
Khalatnikov "! 


Be a ik? (6... a BR) (1a) 


Then in virtue of the equation Duv(k) ky = 0 
the longitudinal parts of I'y, mY, FQ) do not oc- 
cur at all in the matrix element, and the result 
will be gauge invariant for an arbitrary cut-off of 
the transverse parts of Ty, FY, FO), 

Let us first examine the case in which the 
form-factor of the weak interaction does not de- 
pend on q, i.e., FO) (q) = Yy (1 + 5). In this case 
only the diagrams 4, 5, 6 contribute to the radia- 
tive corrections (and only these diagrams have 
been considered in"*!). The exact form of the 


vertices I,, is not known, and therefore we make 
the simplest choice 
= ek) ye, IS ae ME) ta (5) 


It is not hard to verify that with the gauge chosen 
for the photon propagator Duv( k) the matrix 
elements 4 and 5 are finite, and in the matrix ele- 
ment 6 there must be the cut-off factor apae. We 
take the cut-off function a(k) in the form 


a (k, n) = [A2/(k? + A?)]”. (6) 


For agreement with the experimental data of Hof- 
stadter!% on the behavior of the electromagnetic 
form-factor of the proton for_small k? we must 
take Ap = (6n/r’)'/2, where (r*)!/2 is the root- 
mean-square radius of the charge distribution in 
the proton. 

In the paper by Behrends et al. 1] the matrix 
elements 4, 5, and 6 have been calculated on the 
assumption n = %, and the photon propagator was 
taken in the Feynman gauge: Dyp(k) = dpp/ik*. In 
our case we must add to the matrix elements 4, 5 
from!!! the quantity 


AMa + AMs = 2in®N (— In (A,/A) + +) M. (7) 


Here N =ie?/4r, e* = a = 1/137, A is the mass of 
the photon, and M is the matrix element of f 
decay without radiative corrections. 

The B-decay Hamiltonian of the V — AA type is 
usually written in the form 


H =27-"G (ppyu(1 + Ays) Yn) (bey, CL + Ys) })- 


Then diagram 6 means the exchange of a virtual 
_ photon between the charged particles (p, e) which 


occur in different brackets. To simplify the cal- 
culations it is convenient to go over to a way of 
writing the Hamiltonian in which the charged par- 
ticles are in the same bracket; to do this we must 
perform the operation of charge conjugation and 
the Fierz transformation"! (i = 0, 1, 2, 3, 4): 


4 
H = 2-4 GD} ci (Pp O: 5) (Ws (1 — Ys) Os Pn) = Dy CHa, 
i=0 i=0 
¢ =(1 +A, —4(1—A), 0, + (1 —A), —(1 +A). 
(8) 
For the i-th type of B-decay term the change of 
the matrix element 6 as compared with'), when 


the Hamiltonian is written in the form (8), is given 
by 


2 Ps : 

ee a; a, (k, n) a, (k, n) a’, (k, */2) / 

AM) = Nit \— wrap © — lee 
a, (k,n) a, (k, n) \ 
tent dt. 


The quantities aj are determined from the condi- 
tion 


4 
eS Tp O; lit see G;: 


ped 


a = (4,—2, 0,2,—4) for i=0,1,2 3.4. 


It can be shown that for A — 0 (A is the mass 
of the photon) 


a,(k, n)a,(k, n) 
\ ea 
2 {2in(A,/4) — 1 —%p(2n)—y for A, = A, 

\2In (A,'4)—1—*p (n) — 7 for A, >> A, 


= 10 (9) 
Here »(x) =d InI'(x)/dx is the logarithmic de- 
rivative of the I function (cf., e. so nay) and 
y = 0.5772 is the Euler constant. From this we 
find that the total change in the sum of diagrams 
4, 5, 6is 
4 2 
AM = itn >) co: | by ln) — 9] + (x) —y} 
i=0 (1 0) 

For the V — A interaction the radiative correc- 
tion to the lifetime of a nucleus against 8 decay is 
of the same form as in Eg. (4.5) of), in which we 
have only to replace the cut-off limit Ap by Aeff: 


Nett = Ap exp {= [yp (1) — p(n) ++ (p(n) + y)f- (11) 


Values of Aff are shown in the table. As we see, 
for n= “fy (cut-off by the Feynman method) choice 


Ap | A eff A eff 
. oe wh x M 
| 
0.5 | US ts tk: | 0.94 
1.0 0.67 | 4 0.67 
5 | 0.82 0.736 0.60 


a rraaacaaaaaacacaaaaaaaaaasamaaaaaaaaaaaaaaaaaaaaaaacasaaaaaaiia 
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of Ap in accordance with the experiments of Hof- 
oe ae and use of the fact that Ae > Ap gives 
practically the same result as the assumption Ap 
= Ag = M (M is the mass of the nucleon). 

4. In the B-decay theory with a conserved vec- 
tor current the operator F(v) (q) has the form 


FO = fi (G/M) Ya +- + M4 fo (G/M?) Gangs, (1.2) 


where the form-factors f; and f, are equal to the 
isotopic-vector parts of the electric and magnetic 
form-factors of the nucleon and can be found from 
the experiments of Hofstadter."*) In particular, 


FiO) o—4 8, fe (0) = (up — Bn) /e = 3.70 


(Hp and py are the anomalous magnetic moments 
of the proton and neutron). 

Since FV) depends on q?, it is not only by the 
proton electromagnetic form-factor ap that dia- 
gram 6 is cut off. For Ae > Ap the cut-off factor 
Apaef, ~ ay, and the result is close to that found in 
the paper of Behrends and others. UJ 

For an estimate of the contribution of diagrams 
1, 2, 3 let us find the limiting values of F(}) and 


PA) for small k: 


FY (& = 0) = — edF” (q + ROR» lao 


= — edF" (q)/0q, 


Fe (e = 0) = €70?F® (¢ + R)/Okd Aha [exo 


= &@F (q)/0q.0q,. 


It is impossible to determine from Eqs. (3) and 
(4) the subsequent terms of the expansions of FU) 
and FY) in powers of k, since there can be trans- 
verse parts of HW, F) linear in the photon mo- 
mentum k. Substituting FY) (q) in the formulas 
(13) and omitting in the calculations terms of the 
order me/M, we find the limiting values of the 
operators FW) and ME 


FQ? (k = 0) = — (@/2M) fr (0) 021, 


FY) (k = 0) = (2e?/M?) f, (0) Bry. Ya. (14) 


In the calculation of the contribution from dia- 
grams 1, 2, 3 we shall use the expression (14) and 
cut off the integration over the momentum of the 
virtual photon at the mass of the nucleon. The use 
of the values (14) for FW) and Fv) right up to 
k? = M? is illegitimate, but we hope that in this way 
we shall get the correct order of magnitude for the 
contribution of diagrams 1, 2, 3. With this crude 
estimate the contribution from these diagrams is 
almost equal in magnitude to the contribution from 
diagrams 4, 5, 6, but is opposite in sign. This 


(13). 5 
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leads to a great decrease in the size of the radia- 
tive correction to the lifetime of a nucleus against 
B decay, as compared with earlier results,!?,33 
and we may suppose that an accurate inclusion of 
diagrams 1, 2, 3 will remove the discrepancy be- 
tween the theory of the conserved vector current 
and experiment. 

In all of the foregoing we have used the expres- 
sion for the electromagnetic vertex of the proton 
which is valid when the proton is a real particle 


(p? = M’) before and after the emission of a photon. 


In our case this condition is not satisfied (cf. dia- 
grams 3, 5, 6). Since the ‘‘nonreality’’ of the pro- 
ton is important only for k? ~ M? we can hope that 
the ‘‘nonreality’’ of the proton will not change the 
results very much. The contribution from the 
anomalous magnetic moments of the neutron and 
proton has been calculated by Berman, “ using the 
data of Hofstadter, and it was found to be small. 

In conclusion we express our sincere gratitude 
to B. L. Ioffe and I. S. Shapiro for their constant 
interest in this work and for several discussions. 


‘Behrends, Finkelstein, and Sirlin, Phys. Rev. 
101, 866 (1956). T. Kinoshita and A. Sirlin, Phys. 
Rev. 107, 593, 638 (1957). 

2T, Kinoshita and A. Sirlin, Phys. Rev. 113, 
1652 (1959). 

3S. M. Berman, Phys. Rev. 112, 267 (1958). 

*R,. P. Feynman and M. Gell-Mann, Phys. Rev. 
109, 193 (1958). S. S. Gershtein and Ya. B. Zel’do- 
vich, JETP 29, 698 (1955), Soviet Phys. JETP 2, 
576 (1956). 

°R, P. Feynman, Proc. 1960 Int. Conf. on High- 
Energy Physics at Rochester, Univ. of Rochester, 
1960, page 501. 

®Ya. A. Smorodinskii and Ho Tso-Hsiu, JETP 
38, 1007 (1960), Soviet Phys. JETP 11, 724 (1960). 

TB. L. loffe, JETP 38, 1608 (1960), Soviet Phys. 
JETP 11, 1158 (1960). 

8H. S. Green, Proc. Phys. Soc. A66, 873 (1953). 
Y. Takahashi, Nuovo cimento 6, 371 (1957). 

*L. D. Landau and I. M. Khalatnikov, JETP 29, 
89 (1955), Soviet Phys. JETP 2, 69 (1956). 


10R. Hofstadter, Revs. Mod. Phys. 28, 214 (1956). 


‘I'M. Fierz, Z. Physik 104, 553 (1957). 

121. M. Ryzhik and I. S. Gradshtein, Tablitsy 
integralov, summ, ryadov, i proizvedenii (Tables 
of Integrals, Sums, Series, and Products), Gostek- 
hizdat, 1951. 

‘3 Hofstadter, Bumiller, and Croissiaux, Phys. 
Rev. Letters 5, 263 (1960). 


Translated by W. H. Furry 
40 


7 


SOVIET PHYSICS JETP VOLUME 14, NUMBER 1 JANUARY, 1962 


_A RELATIVISTIC FIELD-THEORY MODEL WITH AN EXACT SOLUTION 


D. A. KIRZHNITS and S. A. SMOLYANSKII 


P. N. Lebedev Physics Institute, Academy of Sciences, U.S.S.R. 


Submitted to JETP editor January 30, 1961 


J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 205-208 (July, 1961) 


We have considered a model which is the relativistic generalization of the Ruijgrok-Van Hove- 
Lee model, and which is free of the difficulties of that model. 


a For the study of the general problems of quan- 
tum field theory it is useful to have at one’s dis- 
posal a relativistically-invariant model which can 
be solved explicitly. We consider one such model 
in the present paper. It will be used in the follow- 
ing to analyze the difficulties of a field theory with 
a point interaction, the singularities of a non-local 
theory, and so on. 

We use as the basis from which to construct 
such a model the static Ruijgrok-Van Hove model 
(in short: RVH) which is a generalization of the 
usual Lee model. As these two, the model proposed 
here describes the scalar interaction between 
scalar mesons (@) anda nucleon field (V,N). The 
interaction Hamiltonian 

H’ = Dita (o,9, +99) bu (1) 
(the meaning of the index u is explained below) 
corresponds to the processes VN +0 and 
N= V+ 40 with bare coupling constants gy and 
En» respectively. In (1) 


by 0 &8y (0 &y 
v=(5,): °=(,, alk Leslie oak 
and g, is the creation and annihilation part of the 

field g. 

2. To construct a relativistic theory we must 
give up the static character of the nucleon field.* 
We shall describe the latter by the Lagrangian 
(see [2] ) : 


Lo = d\ pu (i (UV) — M) bu (2) 


Here and henceforth the summation is over all val- 
ues of the four-vector u which satisfy the condition 
ug—u2=1, u)> 0. The vector u which has the 
meaning of the four-velocity of a particle is not 
at all connected with its momentum and is together 


_*The 6-N scattering cross section becomes then different 
from zero; it vanishes in the RVH model because recoil is 
neglected. 


with the momentum characteristic for its state.* 
The magnitude of u is not changed during the in- 
teraction process as the Hamiltonian (1) is diag- 
onal. 

The presence of a separate vector u enables 
us to consider the quantity ~y as a two-component 
spinor without coming into conflict with relativity 
or with the parity-conservation law. Indeed, a 
Lorentz transformation corresponding to a veloc- 
ity 6v gives 

p, = (1 + dv) h, 


where the vector 1 ~ [oxu] is a polar vector. We 
remind ourselves of the fact that in the usual the- 
ory 1 is proportional to the axial spin vector ¢ 
because there are not two vectors, and that we 
have thus a four-component spinor. 

We make two remarks concerning the nucleon 
dispersion law 


E = (up + M)/u,. (3) 


First of all, it follows from (3) that sometimes (for 
instance, when two nucleons with the same u are 
scattered) the energy and momentum conser- 
vation laws are not independent. It is thus neces- 
sary to check specially whether the vacuum and 
single-particle states are stable. From this point 
of view it is essential that there is no pair creation 
in our model and that the processes where a @ par- 


ticle is emitted by a free nucleon are also forbidden. 


Indeed, the energy conservation law gives for those 
processes 


uAp/u, = © , (4’) 


where Ap is the change in the nucleon momentum. 
The momentum conservation law Ap =k, or 


*The model considered here differs from the Bloch-Nord- 


sieck model? in a number of important points; in particular, 
there is no connection between u and p and the problem is 
completely isotropic. 
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uAp/u, = uk/u, (4”) 


is easily seen to be incompatible with (4’). 

It is moreover clear from (3) that the energy of 
a state is not always positive and can change its 
sign (when p” < 0) when the frame of reference 
changes. On this point there is an essential differ- 
ence with the usual model where always p* > 0 and 
where the sign of the energy is invariant. The nat- 
ural relativistic generalization of the sign of the 
energy in the model considered is the sign of the 
quantity (up) which in the rest frame of the particle 
(when p = 0) is the same as the sign of the energy 
and which is always positive. It is essential in this 
connection that just the quantity (up) and not ag 
determines the characteristics of the excited 
single-nucleon states (see Sec. 4 below). 

To conclude this section we establish the con- 
nection between our model and the RVH and Lee 
models. For gy = 0 we get the relativistic gener- 
alization of the Lee model. If we retain in the sums 
in (1) and (2) only the one term with u=0, uy = 1, 
we get the RVH model. Finally, if we put gy = 0, 
we come back to the usual Lee model. 

3. We turn now to a study of the proposed model. 
We start with the charge normalization. We note 
that it is performed exactly as in the RVH model" 
and is reduced to finding the exact Schrodinger 
wave function for the single-nucleon state. The 
only difference consists in that it is necessary to 
replace w*/* by w'/*(uyw —u-k) in the corre- 
sponding integrals. We give here the final expres- 
sion for the renormalized charges goy and gon: 


Lay = Bow = (yey) (5) 


The renormalized charge is thus different from 
zero in the model considered, as in the RVH model. 
The vanishing of the charge in the Lee model—both 
the usual and the relativistic model—is simply con- 
nected with the fact that the process N= V+ 46 is 
forbidden: we see from (5) that gyy tends to zero 
as gy = 0. This fact indicates once more that the 
situation in the Lee model is by no means indica- 
tive of similar difficulties in real field theories 
where there is complete symmetry between the 
emission and absorption of particles. * 

4. We turn now to a study of the structure of 
the renormalized theory. Because of (5) we can 
at once put gy=gn =, Ty =OnN = QTy. We shall 
start from the functional equation for the fermion 
Green’s function" 


li (WV) — M +g, (x)) Guu (x, x"|q) = 8 (x — ¥’) Baur 
® (x) = 9 (x) —i\ dA —D ge. 


*A subsequent paper’ is devoted to this kind of problems. 
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The boson Green’s function is in our model the 
same as the free function A(x-x’). 

One solves the equation given here easily as the 
dependence on the external field g is at once split 
off as an exponential 


exp (gu \ de (EVER eh — 8) Kone eI} 


K(x) = (2n)-*\ ate [(u k) + ie]-4 exp(—ikx). (6) 


Performing in the usual way the mass renormal- 
ization and splitting off the Z factor, we get 


co 


- 


— i (2m)~*\ d& exp (i& ((up) — Mo) + x(6)}, 


0 


G, (p) 


oO 


x (@) = igt| ab’ (e’ — 2) AGW. 


(7) 


This expression has no ghost singularities whatever. 


The vertex part is immediately obtained from the 
relation 


gl (x, x’, &) = (6G (x, x’)/d@ (§)) eo. 
Using (6) we get the generalized Ward equation 


(uk) T (p, k) = t {G™ (p) — G™ (p — k)}, (8) 


through which the vertex part is completely deter- 
mined. Using (7) and (8) we can also verify that the 
equality gy = g holds and also find the asymptotic 
behavior 


G (p) ~ p*/(up), 


where a = g*/4n’, ¢ = max(p, k). The decrease 

in the vertex part is in complete agreement with the 
well-known Lehmann-Symanzik-Zimmermann 
theorem. | 


r~ ow, 


5. The model constructed here satisfies thus 
the general requirements of field theory and the 
simultaneity condition.* One sees easily that the 
same properties are also possessed by a some- 
what modified model with a complex charge 

Oy = Tr, On = 2°71. 
All relations in the foregoing, except (5), remain 
valid if we perform the substitution 


g*— |g). (9) 


The charge renormalization is now of the form 


Bo = £0 (ea 2". 
To verify the validity of what we just stated, it is 
sufficient to note that the contribution from every 


virtual line is, indeed, connected with the substi- 
tution (9). 


*We note that the unitarity of the theory follows immedi- 
ately from the Hermiticity of (1). 
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The rotation of the plane of polarization near an absorption line of a large-radius exciton is 
considered. The angle of rotation depends on the effective mass and the exciton radius. An 
order of magnitude estimate of the angle of rotation near the 2p state of an exciton ina 
Cu,O crystal gives a measurable magnitude for this effect. 


Om may expect an appreciable rotation of the 
plane of polarization (Faraday effect) near exci- 
ton absorption lines corresponding to transitions 
to exciton p states. 

For cubic crystals the angle of rotation g can 
be expressed in terms of the component of the gy- 
ration vector G along the direction of the magnetic 
field H (HII z) 


@ = (nd/A) G, /e, (1) 


where d is the thickness of the sample, € the di- 
electric constant when there is no magnetic field, 
and A the wavelength of the light.“ The vector 
G, in turn, is defined as the antisymmetric part 
of the dielectric constant Eup HH): 


G,, (2) 


= ORAS Evy. 


The problem is thus reduced to evaluating the 
antisymmetric part of the exciton dielectric con- 
stant. 

It is well known that the transitions to the s 
states are allowed transitions for Mott excitons.!?74] 
Transitions to p states are forbidden; their inten- 
sity is (a/r))? times smaller than the intensity of 
transitions to s states (a: lattice constant, rp: ex- 
citon radius). For Mott excitons (a/ry) « 1. 

However, the s state does not change in the ap- 
proximation which is linear in the magnetic field 
and there is no Faraday effect. It is thus necessary 
to consider the ‘‘forbidden’’ transitions to p states. 

The exciton conductivity connected with the tran- 
sitions to p states can in the first perturbation- 
theory approximation in the magnetic field be ob- 
tained from the general Eq. (16) of @!: 

D2 


naym=0,=1 


Gui = ae ly — i (» — o, — Qm)], (3) 


where w is the light frequency, Q = eH/2Mc, M 
the reduced exciton mass, wy the hydrogen-like 
energy level, y the width of the exciton line, m 


the magnetic quantum number, and Tu a tensor 
the real part of which is connected with the oscil- 
lator strength of the transition and the imaginary 
part of which is responsible for the rotation of the 


polarization plane 
1 ie 
) eae |! 


Here Ey, is the minimum value of the frequency of 
the main transition, Kj is that point in momentum 
space which corresponds to that transition, Ynim 
are the hydrogen-like wave functions of the exciton 
p state 


Tum — 1 NS a es (Sa 
py EV ORL Ok JK; \ OXg 


Je” tine (ese \ d? runt) Ovtcx (1) 


are the interband matrix elements of the current, 
evaluated using Bloch wave functions. 

Apart from the selection rules for the hydrogen- 
like wave functions, T2) involves also the inter- 
band selection rules for (8J)°/dkq)K,, which must 
be established in each case from the symmetry 
properties of the crystal. 

Using the relation Yyim(X) = Yai-m(X), we get 
from (4) 

Ti ae 


(Ty)*. (5) 


The first of these equations ensures that the On- 

sager relations are satisfied, the second leads to 
the antisymmetry of Re o,, when there is no ab- 
sorption. Assuming that |w,y-—w| 2 v >Q we get 
from (3) and (5) 


-antis 20 a . Art 
ot | Nee — = (Opi Guiy) 2S aia s Im {77} 
n 


pv 


_. > a 
+ (o—o,) ° 

(6) 
Substituting (6) into (1) and using the explicit form 
of (OWnim /9Xq)x=) we get for the angle of rotation 
near the line n = 2 


tr rex) ae) 


Qa B 
Re (co — 0), 


(7) 
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f where Bxy ~ 1 is a component of an antisymmetric 


tensor. 


Obtaining an order of magnitude estimate of @ 
for the yellow exciton series in a Cu,O crystal 
(e=10) we get 9 2 0.5° for H=10°G, |w—wy| 
~y~10Q, rp © 30a, d=500pu. The absorption 
coefficient in the yellow series is small (~ 10? 
em~!)"] and the intensity of the incident light will 
thus only decrease by a factor of a hundred for a 
thickness of 500u. The use of photomultipliers 
makes it possible to observe intensities decreased 
by a factor of a thousand. 

One can thus estimate from the magnitude of the 
angle of rotation the exciton radius, if its reduced 
mass is known. Moreover, the selection rules en- 
tering into T} may turn out to be an important 
aid for interpreting exciton spectra. 
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The interaction between a nonequilibrium paramagnetic spin system and the crystal lattice 
is studied theoretically. Conditions under which spin-lattice interaction leads to the exci- 
tation or amplification of hypersound in crystals are studied. Parameters are introduced 
characterizing the efficiency of transformation of the energy of magnetic ions into the en- 
ergy of hypersound. Specific calculations show that in a number of cases it is much easier 
to create conditions for generation of phonons than for generation of photons at the expense 
of the spin system energy. It is noted that nonequilibrium spin systems may be used to de- 


tect weak acoustic and electromagnetic signals. 


It is well known that the methods of high-frequency 
acoustic spectroscopy represent a promising tool 
for the investigations of the properties of solids 
and irreversible processes taking place in them. 
One of the difficulties in the way of these methods 
is the production, transmission, and detection of 
acoustic vibrations with a frequency of the order 
of kilomegacycles and even higher. It is therefore 
natural to seek new means for generating hyper- 
sound directly in those materials in which its ac- 
tion is studied. Taking into consideration the anal- 
ogy which exists between the process of photon 
production and phonon production at the expense 

of the energy of magnetic ions in crystals, it is 
useful to attempt to apply the theoretical and ex- 
perimental material available from research on 
paramagnetic quantum photon generators to the 
development of paramagnetic hypersonic gener- 
ators. The present research is devoted to the 
study of this possibility. 

According to the theory of Al’tshuler,"!] which 
is supported by experimental data,™! the creation 
and annihilation of phonons take place in paramag- 
netic crystals under the action of hypersound of 
frequency Vpa = (Ep—E,)/h ~ 10! cps at the 
expense of the annihilation and creation of mag- 
nons—quanta of the Zeeman and Stark energies of 
the magnetic ions in a static magnetic field and 
in the crystalline electric field. 

Let Qt, Qext and Qa be the figures of merit 
of the crystalline acoustic resonator, characteriz- 
ing respectively the ordinary damping of sound in 
the crystal, damping by coupling with the surround- 
ing medium, and damping as the result of the cre- 
ation of the magnons. It is known that the configu- 


ration of the energy levels E, of magnetic ions 
can be chosen in such a fashion that upon satura- 
tion of magnetic resonance for a certain pair 
(Eg; Eg), the difference in the populations Anap 
for the pair (Eg, Ep) is negative. It is easy to 
see that in this case Qa becomes negative and 
an amplification of the hypersound will take place 
in the crystal, described by the formula 


Pf Oe On ee Qn 
Pine | Qetet Q5 + Qa IS’ 
where the subscripts ‘‘ref’’ and ‘‘inc’’ refer to the 
reflected and incident intensities of the hypersound. 
If the transition Eg <—> Ep is forbidden for mag- 
netic dipole transitions, and the condition 


Goa = (1) 


inc 


(2) 


is satisfied, the crystal will generate hypersound 
of frequency Vpg under the action of lattice vibra- 
tions even in the absence of an external acoustic 
field. That is, the energy of the variable magnetic 
field expended in the production of Anp, < 0 is 
converted to the energy of hypersound. 

Let 


i Qa: 2 Qe 40s 


N 

Hy = 608 (pat) RS) [Ka] P'|b> + <b|F*|a>] (8) 
i=1 

be the operator describing the interaction of the 
magnetic ions i with the variable magnetic (R=H) 
and acoustic (R=A) fields, where t is the time, 
R is the amplitude, R (a|#i|b) is the matrix 
element of transition of the ion i between the 
states |a) and |b) under the action of the per- 
turbation 3C;. We introduce the imaginary suscep- — 
tibility and the corresponding Q by the relations - 
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Xp = (2RV)-* Anas | <a] P| b> |? g (von), 


Qa = (4x, ,. Qa = 72 Fe = (2x"n)* pw? (4) 


where 7 is the filling factor, F is the coefficient 
of sound absorption, "1! p is the density of the crys- 
tal, c is the velocity of sound in the crystal, 

g (pq) is the normalized form factor of the ab- 
sorption curve of magnetic or acoustic energy of 
the spin system, and V is the volume of the 
crystal. 

Let us estimate the value of Qa for the ion Ni?* 
in NiSiF,-6H,O for a static field Hy perpendicular 
to the symmetry axis of the crystal z. Using data 
on the change of the constant D of the axial crys- 
talline field as a consequence of an applied static 
field Xzz along the z axis," we obtain 


Qa ~T (2S +1) kpAckl2nv,,N*02,| <a! S216) 21-4 (@D/AX;,)2 


= 6.38 10% T/vy,, (5) 


where k is Boltzmann’s constant, N* is the num- 
ber of Ni2* ions in 1 cm, S is the spin, A is the 

line width of magnetic resonance, a3; is the elas- 
tic constant, and T is the temperature which de- 

scribes the difference of populations in the levels 

(E,, Ep). The following constants are used:!! 


c? = 2.5-104 (em/sec)*, N* = 4-10, p = 2.08 g/cm, 

Gz, = 0,5 -10 dynes/cm?, A = 3.2 -10° 

OD/OX-2 = — 3,37 -10-** erg-cm?2/dyne, 
Mal Sz b> 2 = 105}: 


cps, 


The distance Ni-Ni is taken to be equal to 6.27A. 
For T=1°K and ppg = 10” cps, we get Qa ~ 63.8. 
For Cr ions in NH4[Alpo,99 + Cro.o1]* (SOq)9° 


- 12H,O, the following values are obtained:"! @D/aL 


= 8.71 x 10-” erg-cm?/dyne, Hy |! (111); in the case 
of the crystal K3[Cop9 99 + Crp.91]*(CN)g, one ob- 
tains 0D/dL = 1.01 x 10-2? erg-cm?/dyne, 9E/aL 
= 1.22 x 1078 erg-cm?/dyne, agyBHo/8L = 1.22 

x 10-** BH) erg-cm?/dyne, where the y axis is 
parallel to the c axis of the crystal. Here L is 
the hydrostatic pressure on the surface of the 
crystal, E is the constant of a rhombic crystalline 
field, and £ is the Bohr magneton. Substitution of 
these data in (5) shows that the Cr ions yield a 
significantly smaller value of Qa than the Ni 
ions. 

If the acoustic resonator is disconnected from 
the acoustic wave guide, then the radiation of 
sound in air is characterized by Q,,4 ~ 3 X 104 
(see “) and Qp ~ 5.5 x 104 for v = 10° cps.@ 

The numerical estimates that have been carried 
out show that the condition (2) is satisfied, and 
paramagnetic crystals can be used as sources of 
hypersound of frequency 10'!— 10” cps. 
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As an illustration, we consider several possible 
schemes of operation of a generator or amplifier 
of hypersound, using nickel fluorosilicate with Hy 
parallel to the trigonal axis z of the crystal. The 
spin Hamiltonian for Ni2* has the form"! 

H = 6B (g-H1,8, + g,.HySx + SyfySy) +D (S?,—=), 
where S=1, gq are the spectroscopic splitting 
factors along the a axis, D = —0.12 cm“!, and 
Sz = 2.29 at 14°K. For Hg ll z the position of the 
energy levels (E,, Ej, E3;), corresponding to the 
states (|-1),|0), |+1)), is described by the 
formulas 


ae 


3 


—gPH., By = —2D, By=4D +¢,BH.. 


Since (1|S,|-—1)=0, it is convenient to use 
the pair of levels (E,, E,) for generation and am- 
plification of hypersound. The negative difference 
in populations between these levels can be obtained 
by different means. Let E;< E3< E,, and the 
pulsed variable magnetic field of frequency vyj7 
= ha(By — E,) and amplitude H be circularly po- 
larized in the xy plane, where the duration of the 
pulse At «< T,, T, satisfies the condition 
2¢x8Hh-! At = 7, where T, and Ty, are the longi- 
tudinal and transverse relaxation times of the spin- 
system magnetization.. To obtain a maximum dif- 
ference in population between the levels (Ej, E3), 
alternation of two pulses with carrier frequencies 
Vo, and vo3, respectively, is necessary. If E,; < E, 
< E3, three pulses are required with carrier fre- 
quencies oj, 32, and v»;. Operation of the gen- 
erator in the continuous state is possible if the 
difference of populations of the pair of levels 
(E,, E;) becomes negative in saturation of the 
transitions |1)<—|0) or |-1)<—|0). 

Let us consider interference effects brought 
about by interaction of the fields H and A for 
Anagb < 0. Let the relation obtained from (2) by 
replacing QA by QH be satisfied for the field H 
in the resonator. If sound vibrations are excited 
in a crystal which fills the resonator, then addi- 
tional losses appear which are brought about by 
creation of phonons at the expense of the annihila- 
tion of magnons, and it is necessary to replace 
Qi by Qi ~ Qa, which leads to a violation of 
the condition for cascade production of photons at 
the expense of Angp < 0, and to a sharp change in 
the amplitude H. Conversely, cascade production 
of phonons for Angp < 0 can be stopped as a result 
of creation of photons from magnons, wherein one 
must replace Qh in (2) by Qa - QA: Here 


Qua = [4x 4A217H?, Qan = [2xHH?*I-1 papaA?. 


The relations that have been set down show that 
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the method of double magnetic hypersonic reso- 
nance in the presence of a strong variable mag- 
netic field (which brings about inversion of the 
populations, Angp < 0) can be used for detection 
of a weak amplitude A (or H) without A (or H) 
going beyond the limits of the crystal. 

The authors are grateful to S. A. Al’tshuler for 
discussion of results. 
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We consider the process where nuclei are electromagnetically excited by muons (radiation- 
less excitation) during the 2p-1s transition in a mesonic atom. The ratio of the probability 
that a y quantum is emitted by the muon to the probability of a radiationless excitation with 
subsequent decay of the nucleus through various nuclear channels is evaluated. 


1. INTRODUCTION 


One of the authors has shown earlier"! that the 
transition of a muon from the 2p to the 1s state 
can in heavy mesonic atoms take place by a direct 
transfer of the whole of the energy of the transition 
to the nucleus. The probability for the excitation 
of the nucleus during this transition was evaluated 
assuming that pI'nuc] > 1 (case of overlapping 
nuclear levels) where p is the density of the nu- 
clear levels at an excitation energy equal to the 
energy of the transition, and [nyc] is the average 
width of the nuclear levels at the same energy. 
One can in that limiting case interpret the process 
where the nucleus is excited as the inverse of the 
internal conversion effect. Such a process was 
called the effect of a radiationless excitation of 
the nucleus. The ratio of the probability Whpycl 

of a radiationless excitation of the nucleus to the 
probability Wy of the emission of a y quantum 
could in that limiting case be written in the form 


Whueal W, = Tne. glee. (1) 


where Ip _r, is the width of the radiationless exci- 
tation of the nucleus which is proportional to the 
photoexcitation cross section and Ty is the width 
for the emission of a y quantum by a muon. 

There is also interest in the other limiting case 


when pI‘nuc] K1 (case of non-overlapping levels ). 


In that case the nucleus can disintegrate through 
one of the nuclear channels but the process of a 
reverse transfer of energy to the muon is also 
possible. This leads to the result that the yield 
of y quanta for that transition is larger in com- 
parison than the one given by Eq. (1) and that thus 
Whucl / W, in the case of non-overlapping levels 
must depend not only on ry and Ty, r., but also 
on plnucl- 

We compute in the present paper Wnucl /Wy 
for the case pI'nucl « 1 and arbitrary ratio of 
[Ty and Ty y, The case [yn r, > I’ was consid- 


ered earlier by us.) An estimate of Ty r. /Ty 
for a number of elements! shows, however, that 
this quantity is of the order of unity. In the case 
of non-overlapping levels, the effect of the excita- 
tion of the nuclei by a muon is important only, if 
the width of the muon energy level is appreciably — 
larger than the distance between nuclear levels. 
In heavy mesonic atoms such as thorium and 
uranium Ty, r. ~ 1 kev, and 1/p isof the order of 
several electron volts so that the condition 


plc ks (2) 


on which our calculation is based is satisfied with 
very good accuracy. 

We assume for the sake of simplicity in this 
paper that the transition of the muon from a more 
highly excited state into the 2p-state is not ac- 
companied by the effect of the radiationless exci- 
tation. This is a reasonable assumption, since 
transitions between higher states have less energy 
and thus also a smaller probability for a radiation- 
less excitation. On the other hand, such an assump- 
tion is not one of principle, since one can easily 
generalize the calculation to the case of a radiation- 
less excitation at any transition. 


SA 


2. ANALYSIS OF THE BOUND MUON-NUCLEUS 
SYSTEM 


The Hamiltonian of the muon-nucleus system 
is of the form 


H = Ho +V, (3a) 


Zz > 
where Hnucl] is the Hamiltonian of the nucleus, Ty 
the kinetic energy operator of the muon, and the 
third term in (3b) is the potential in which the muon 
in the mesonic atom moves (fy is the muon coor- 
dinate, rj the proton coordinate, and the sum is 
taken over all protons), %) is the wave function of 
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the ground state of the nucleus. V is the dipole 
part of the operator 


Z 5 Z 9 
<ve Dantas 


The eigenfunctions of the Hamiltonian Hy are 
clearly all possible products of wave functions 7; 
of the nucleus with muon wave functions y,. The 
wave functions of the total Hamiltonian H which 
satisfy the Schrédinger equation HW = E,% will 
be expanded in terms of the complete set of wave 
functions of the Hamiltonian Hp: 


Y= e? Co: 2,2 Wie, 
i,k 


(4) 


(5) 


where the C)-j,k are the expansion coefficients. 

Since I'y.y, is much smaller than the distance 
between the muon levels, but much larger than the 
distance between the nuclear levels which corre- 
spond to the energy of excitation of the nucleus 
during the 2p-1s transition, one can for energies 
E, of the system which are close to the energy Ep 
of the 2p-l1s transition write the sum (5) in the 
form 


Ae aa ox 0, 2p WoPp a > C),; c,1s WePs, (6) 
where 9p and gg are the muon wave functions for 
the 2p and the is state, respectively; in the fol- 
lowing we shall for the sake of simplicity write 


Crp instead of C) 50,20 and C) ¢ instead of C;¢,1s- 


The other terms in (5) are negligibly small and can 
be omitted. 

Substituting (6) into the Schrédinger equation 
with the Hamiltonian H and using the normaliza- 
tion of the % we get the following set of equations 
for the coefficients C, and the eigenvalues E}: 


Cy We = (Ey aan E) Cy, ¢ 
D1 On, eVe = (Ex — Ep) Cr, 0; 


c 


NGe 


(7) 
(8) 


pP+ SIC P= 1, 


c 


where Ve = (%ePg|V|Yo~p). Substituting (7) into 
(9) we get 


Cr, oP = {1+ 5 Wei /(Ex El 


(9) 


(10) 


From (7) and (8) we find an equation for the eigen- 
values: 


Ex, —Ep = dy U\Ve|?/ (Ex —E.)]. (11) 
c 
From (10) we see that a characteristic interval 
for the sum over c is |E,-Eg|< I'y.y.. One may 
assume that | Ve |? which is proportional to the 
cross section for the photoexcitation of the nu- 


cleus"!] is constant in an interval of ~I'y.~, and 
that the levels Eg are distributed equidistantly 
with a density p = 1/D where D is the average 
distance between the levels of the nucleus at the 
given energy Ep. Taking this into account we find 


DUVeP(E.— Ej] = a[VePpctgapA,  (12)* 


SUV. P/E, — E.?] = 2? ]V.P p2/sintapA, — (1) 


where A is the distance from E) to the nearest 
level Eg. The details of the calculations leading 
to (12) and (13) were given in I, 
Eliminating A from (12) and (13) we find a con- — 
nection between the sums over c in (12) and (13) 


‘s ee 
a3 eb) 4 a c 
LE, EP rae a + (n= ED} 
Substituting (14) into (10) and using (11) we find 
[Cr oP = [Ve P/E, — Ep)? + mp7 (Ve [8 + [Vel 


(14) 


(15) 


Using the condition (2) we can neglect the last term 
in the denominator in (15) and find finally 


[Cao P = (Pa.r./2ap) (Ey — Ep)? + (Tne. /2)71*, (16) 


where Diag) = 20 iv elleae 

In the following we shall need to evaluate differ- 
ent sums over the levels E, of the bound muon- 
nucleus system. To find the eigenvalues E) itis 
in principle necessary to solve Eq. (11). However, 
condition (2) has as a consequence that the levels 
E, are distributed nearly equidistantly up to terms 
of the order 1/ Ty +, « 1. Indeed, one gets easily 
from (11) the following expression for the distance 
between two consecutive levels E, and E):: 


babe lt gf ESS an 


The second term in (17) is small compared to unity. 


3. ACCOUNT OF THE DAMPING OF THE MUON- 
NUCLEON SYSTEM 


We neglect according to our scheme the dipole 
interaction between the muon and the nucleus in 
more highly excited muon states so that the wave 
function of the system is %oPexe, where Pex is 
an arbitrary excited muon state from which it can 
make the transition to the 2p state. During the 
transition from %oPexc the level % of the muon- 
nucleus system is excited. The probability w, for 
the excitation of level is proportional to the 
square of the matrix element for the transition, 
i.e., 


*cte — cot: 


se ee 
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ee | c¥, HT, PoP exc) ? ine | Cy, p I | Po | Hy |Pexe ies 


_where H, is the interaction between the muon and 
the electromagnetic field which leads to this tran- 
sition. Taking the normalization Zw) = 1 into ac- 
count we get wy = | Cr Vp (23 
Without loss of generality we can assume that 

the C) » are real. Since the probability of finding 
the system in the state » after the muon has made 
the transition from the higher state is equal to Ck .p 

the total wave function of the system at t = 0 must 
be written in the form 


em eae p= zai pPoPp 4 ete pa Ci, cCh, pfs = WoPp- 


(18) 


The sum over A,c in (18) vanishes because of the 
orthonormality of the coefficients C). 

We consider now transitions from the state 
which are accompanied by the emission of a y 
quantum by the muon (H,, is the interaction be- 
tween the muon and the electromagnetic field) and 
by the decay of the nucleus through different nu- 


clear channels (the neutron channel, nuclear quanta, 


fission). We do not know the explicit form of the 
interaction operator Hyyc] corresponding to the 
nuclear processes, but only the square of the ma- 
trix element of this operator enters in the final 
result and is proportional to the nuclear width. 
We assume for the sake of simplicity that only 
one nuclear channel is open. If the decay of the 
excited nucleus proceeds independently through 
the different channels (decay of the compound 
nucleus ) we can replace in the final result the 
partial nuclear width by the total width. 

The wave function of the system when the nu- 
cleus is in its ground state, the muon in its ground 
state, and the y quantum emitted by the muon has 
an energy E,, is denoted by #,; the wave function 
of the system when the muon is in the ground state 
while the nucleus after decay and the decay prod- 
ucts of the nucleus have a total energy Ex, is de- 
noted by #,. We can write the wave function v 
of the Hamiltonian 3 = Hy + V + Hy + Hpuc] which 
satisfies the initial condition (18) in the form 


Vie did Wer" +518, () Oye 
a v 


+S) be (2) meri rey”, (19) 
k 

where b)(0) =C)\p, by(0) =by(0) = 0. Substi- 

tuting (19) into the Schrodinger equation we get an 

equation for the coefficients b, which we shall as- 

sume to be equal to zero for t< 0 (see, for in- 

stance, “J ): 
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ih bn (t) ae pe Ham gn Em) Uh Da () a ihd (¢) 2 On Oni; 
m A (20) 
where n and m stand for all indices A, v, and k. 
We Fourier-transform the coefficients b: 
-Loo 


Soo 


at 


2mi 


oo 


{ : i re 
aah \ One EVOL 8, a) et ge ee 


—co 


One ac 
where 
C(x) = lim [l/(~ +io)]. 
o>-+0 


We are interested in the total probability Wy 
that the muon has emitted a y quantum; it is clearly 


equal to 
Wy = >}! by (co) P, 


and similarly 
Wauci = »s be (co 
k 
On the other hand!*) 
by (co) = G, (E) Batis 5 


Substituting (21) into (20) we get equations for G), 
Gy, and Gx: 


(E —Fi) @ = DANCE —E,) G, 


bp (00) = Ge (E) Ju=r;,- 


+S) Axe PC (E — Ex) Ge + Crp, 
k 


(nucl) 
Gp = > Apa Gx, 


A 


G, = SLAW Ga, (22) 
A 


where 
Hy = Vel Hy| Oi) = Cig Op| Help) SCip ls 


Hoes Cw, | Hoses | ®,> = a pa Che CW, | i letery | D,> => 2 Cre Ht che 


We shall assume that H, is independent of the 
energy E, in an interval I +Ty.r,. This assump- 
tion is satisfied, since Ty + In, K< ae Similarly, 
Hc,k is independent of Ex. Gp and Gx are then 
also independent of E, and Ey, and the indices v 
and k are merely indicators of the channel through 
which the muon-nucleus system has decayed. Using 
this assumption one can easily evaluate the sums 
over v and k in (22). Eliminating Gy we get a set 
of equations for G, and Gy, 


Er ce [ $ Ch. 
macy: Ap . Ap) “Ack 
[1 iF Dp | + Ge inttin Beak, 
A A,¢ 
. Ci, 
=Hy Eom 
A 


CoG at 
G,| inti. 5 pees | a) pee punt 
pate =A 
Crp Cre cr 
| E—E, 


AC 


(23) 
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where T) = 2r|Hyl?oy, Paucl = 27! Hek |l’eK; ev 
and p, are respectively the densities of the final 
states v and k. 

When solving Eqs. (23) we meet with double sums 
over c; to evaluate them we assume that the phases 
of the matrix elements are random. We get then, 
for instance, 


| Gute | 


SCxCrve Her Her = S\| He P CrcCrre = | 


Hcp! at el, 


ck ? (Oar és Cap an pn) 
(24) 


= D1 Cre . Hee P= 


Indeed, as 
Cold ce >= Vo crCrp/(Ex ane: Bas 


the phase of this product is determined by the phase 
of the product of the matrix elements (wp | Vee) 
(o |Hnuci | @k). On the other hand, the number 

of effective terms in the sum over c is of the order 
pI'n.r. > 1 so that already a small change in phase 
from one level to the next of the order of Ag 

~ 1/pl!'n.r. < 1 reduces the sum of the cross 

terms to zero. In that approximation we get, using 
(24) 


a hee B, 

ae || ! ae Crp ‘oie 
je F—E£, Sieg rae Caer 8 ae 

i a ae as I ul Es 

pa (5) 


We get thus for the probability that the muon- 
nucleus system decays through nuclear channels 


See ar seta 
iE 6, \ EE; 


< | [14+ pay Cin (xx »] 


iv (E — E,) (E — E),) 


OAS Paeoe a 
une (2 eo 


Taui(* aes 


—co 


W. 


nucl 


ie ari 


nucl ) 


ps k26) 


We obtain for Wy a more complicated integral; we 
evaluate therefore only Wypyc] and we find Wy from 
the normalization condition Wy = 1— Whucl. 

One can evaluate the sums over ) occurring in 
(26), but the integrand we obtain then is too com- 
plicated for immediate integration. To evaluate 
(26) we break up the path of integration into sec- 
tions about each value E), as shown in Fig. 1. 
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\ by top in,* Yep 


| 
— E 
1 


‘palate 
fry -t 


The integrand in each such section is appreciably 

simpler than the general expression (26). After 

first evaluating the integral along this section as a 

function of E), we sum then over all such sections. 
Using (16) we get* 


ie Ey ants Var 


Gat vi alg = Gls ae IF 


Gp etg mp (E— E,) 


pon ps a 


St, 


(27) 


Along the above-mentioned interval around E), we 
write (27) in the form 


oy Cop __ 2stp 
i Bg eae 
C2, ase ) (ES Ey) ts Une, Cte mp (E — Eo F ; 
4 4- 2upC} ollE— By) 4-2 (8 Ey Egg ae 
(28) 


The second term in the denominator of (28) is less 
than or of the order of magnitude of 1/p['y.y, « 1. 
Neglecting that term compared to unity and intro- 
ducing for the sake of simplicity the notation 


x =E) - Ep, y = EQ, — Ep, we get 
tee i if ‘ 
pips. = pe Ch (a4 y4 cig apx). (29) 
A vx n.r ca é 


We similarly evaluate the other sums near E 


‘= Ej): 


EE) ap ete ep, 
? 


SiCho/ (E— Es)? = n®p*Ch.p (1 + ctg’mpx). (30) 
| 


We take further into account that 2x/Ty r.x 
cot mox < 1 in the above mentioned interval of 
integration everywhere except where x & (1/2p)x 
(1-—2/mpl'y.r.), since the integrand in (26) is es- 
sentially positive and has its minimum value in 
the given interval for x = +1/2p; we can thus neg- 
lect x in (29). The error introduced then is of the 
order of 1/pl',.y, « 1. Substituting (29) and (30) 
into (26), we perform the substitution &é = tan 7px 
and change from a sum over A, to an integral 


foo 
> . -\ pdE ng af eV nr. \ dt, — 2© mathe 1 . (31) 
Ao i A pul Var. 


We have then 


*ctg = cot 


ee 
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TPT wct 4 te 
Wauei= pes \\ dédé (@ +1) 
tse =e 
pet teeny. (32) 


Using the theory of residues one can easily eval- 
uate the integrals in (32). We obtain finally 


1/, 


te toe.) ) eee 
and for the ratio (1) 
oa Pr ae +) | 1 68 
When the condition 
Da, S> Ty/ pl ne. (35) 
is fulfilled we get from (34) 
Wert Wiel y/T 9.2.0 plewet. (36) 


This result is the same as the result obtained in ™ 
assuming Ty) yy, >lTy. From the calculations given 
in the foregoing it follows that (35) is a more rigo- 
rous criterion for the validity of Eq. (36). 

The schematic behavior of the yield of y quanta 
from the muon 2p-1s transition as a function of 
Pl nucl is given in Fig. 2. The behavior of the 
curve Wy(pP'nucl) for pInucl © 1 is interpolated 
between the values given by (34) for pI!‘yyc] « 1 
and the value T,/(T'y +p y,) for plpyyc] > 1. 
It is clear from Fig. 2 that the y-quanta yield for 
PI'nucl ~ 1 differs little from the case where the 
overlapping of the nuclear levels is complete, in 
agreement with reference 1. At very small pInucl 
the decrease in the y-quanta yield during the 2p-1s 
transition is proportional to v pI‘yyc] - 


ed 


ly*! ner. 


4, CONCLUSION 


Calc™ations recently performed"! show that 
I'y ~ Cn.r, for all nuclei in the region Th, U, and 
Pu. From (34) it is clear that for such a ratio of 
widths the dependence of the y-quanta yield on 
pI!'nucl for one muon at rest is weak. For instance, 
when ['=Tpn yr, a change in tpl nuc] /2 from 0.1 
to 0.5 leads to an increase in Wy from 0.71 to 0.79. 
The dependence of Wy on pI'nuc] can be more im- 
portant only in the case when T'y yr, > D'y/pF nucl- 

Experimental results obtained in reference 5 
show that W, depends weakly upon pIynyc]. This 
result is in qualitative agreement with theory. A 
quantitative treatment of the experiments to find 
Pl'nucl will be possible once Wy is measured more 
accurately for different nuclei. 

In conclusion the authors express their gratitude 
to B. M. Pontecorvo, M. Ya. Balats, L. G. Lands- 
berg, and L. N. Kondrat’ev for discussing the ex- 
perimental data. 
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We have used a consistent microscopic description to evaluate the BI(1+ 1)? term in the 
energy of a rotating system of particles, without taking pair correlations into account. The 
calculated coefficient B agrees qualitatively with the experimental value. 


Ir is well known that in the regions 150 < A< 190 
and A > 226 the atomic nuclei are deformed and 
possess rotational excitations along with single- 
particle and ‘‘vibrational’’ excitations. 

In that region, the energies Ey of the rotational 
states are much smaller than the single-particle 
and vibrational excitation energies and have the 
simple form . 


(1) 


where I is the spin of the nucleus, J the moment 
of inertia, and Ey a constant. Equation (1) corre- 
sponds to the energy of a rotating system calcu- 
lated up to terms of the order ?, where Q is the 
angular rotational velocity. 

It is of interest to study the corrections to the 
energy of the system of higher order in the rota- 
tional velocity. One usually obtains such correc- 
tions by considering phenomenologically the influ- 
ence of vibrations on the rotation. They are then 
of the form 


E, = hI + 1)/2J +E, , 


Ey = — 21°%1 + 1)?/(h@,)2J3 , (2) 


where hw, is the average vibrational frequency in 
the nucleus. 

In deformed nuclei, however, the collective ex- 
citations with energies of 0.7 — 1.2 Mev can be 
called vibrational only under very special condi- 
tions, for they are not connected with the vibra- 
tions of the surface of the nucleus and are, appar- 
ently, bound states of two quasi-particles, as is 
the case in a spherical nucleus. There is thus no 
sufficient basis for applying Eq. (2) in this case. 

It is of interest to calculate the corrections to 
the rotational energy of the system, using a con- 
sistent microscopic description. To do this we 
consider particles moving in a self-consistent 
potential. We shall then neglect the residual in- 
teraction between the particles which leads to 
‘airing off.’’ 

We can write the Hamiltonian of a rotating 
nucleus in the form 


(3) 


where H is the Hamiltonian in a rotating coordi- 
nate system, M the angular momentum, and Q 
the angular velocity. 

To evaluate the energy of the system we need : 
to know the density matrix which one can easily 
find from the Green function 


G(x1,X2) = — i <Dol Tp (x1)1p"(%2) | Po> , 


where T is the chronological operator, #9 the 
ground state wave function, and % and %* are 
annihilation and creation operators for the par- 
ticles. The equation for the Green’s function is 
of the form 


H = H°—MQ, 


(i0/ot — H)G = O(ty—Fe) . (4). 


In particular, it is for a rotating system of the 
form 


(ia/at — H® +M*Q) G = 6 (nm — m2). (5) 


If we consider M*Q to be a perturbation, we 
can easily find G in zeroth approximation. The 
component Gh (w) of the expansion of the function 
G in terms of the eigenfunctions of the Hamilto- 
nian H° is of the form" 


GR (a) =: Wlae egreeen(eg i (6) 


where €) are the eigenvalues of the Hamiltonian 
H®, and 
{+4, if ex — a> 0 


(eee 
() \=4, if a 8 <0, 


where €, is the energy of the Fermi surface. 
In successive orders of perturbation theory the 
corrections to the Green function are of the form 


r 0 py’ 0 
Gyn = GA Gy, 

. nt Bee 
Gyr = GyH29,Gr,Ar,.'Gary 


(4) ) i 1) f i) r iy) i () 
Gry = Gy Aya,Gr,,2,G2,r,2,62, aw Gr (7) 


(summation is understood to occur over repeated 
indices and H’ = M&Q). 
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The density matrix is obtained from the relation 


Pr. = \ Ge oni? (8) 
G 


where the contour C consists of the real axis and a 
semicircle in the upper half-plane. Once we know 
the density matrix we can easily evaluate the en- 
ergy of the system, using the formula 


E=SpHp = >; Fyn" 04". (9) 
mM’ 


In the expansion of the energy in terms of the 
perturbation, odd terms in 2 vanish and we get 
from (9) 


B= Aaa ex. dant 


FD ene Pron Dy ena pir + 


(10) 


Using Eqs. (6), (7), and (8) we get after simple cal- 
culations 


0? | Min: P (mm — m-) 


a om oy &he 
Ah 


x x PS x 
M54» M3 M45, My, aM, 


(€, — €,)? (€, — &y) 


— 2+] S| 


ee Vg 


a, x x x 
M55 MyM, MyM, | 


(€, — €,)? (4, — &y) 1’ 


(11) 


ie Sea) 
nh = ¥ : 
\o, 2 29> 0 


Equation (11) gives a general expression for the 
corrections to the energy of the system arising 
from the rotation. The quantity Ey is the internal 
energy which is independent of the rotation. The 
term proportional to 2* corresponds to the rota- 
tional energy of a rigid body, as we have not taken 
pair correlations into account. 

It has been shown by Migdal"! that the first sum 
in (11) is equal to the moment of inertia of a rigid 
body. The term proportional to 9* is the correc- 
tion we are looking for. To evaluate it we use a 
simple model of a deformed axially-symmetric 
oscillating nuclear potential 


U = 4m [ws (x? + y?) + 22"). 


Then the operator MX = m (wi —w%)yz. The ma- 
trix element MX, is different from zero for the 
transitions nx =nx +1, ny =ny +1. In the semi- 
classical approximation all possible values of 
My’, are the same. 

One sees easily that 


2 Prov pe ae Pld 26 (2), (12) 


>. &, iy : 


as long as | f° |? 
( Cea Ey") . 

By evaluating the sum over the intermediate 
states A, and A’ one can then show that in the 
semiclassical approximation the first sum within 


the square brackets in (11) is equal to 


changes little in the interval 


4. 5 
aa [((M?),.]? 6 (e), (13) 
; A 
where d; = wx — Wz = wo8, where wy is the average 
oscillator frequency and £ the deformation. 
One can show similarly that the second sum 
within the square brackets in (11) is equal to 


cae 3) (MP pal? 8 (2). (14) 


One verifies easily by a direct calculation that 
in the same semiclassical approximation 


2 (M?) x7 (M?)an, = (M4). = 4 (MP). (15) 
Using Eqs. (13), (14), and (15) we get then 


BS OE S(M an 8 (6). (16) 


288 a; 
On the other hand, 
a x28 (8) = (we — w2) | p (&, r) (yz)* dV, (17) 


where 
P (€, rT) = S19); (r) @, (1)6 (e,) 
A 
is the density of particles with energy €). In the 
semiclassical approximation the particle density 
is 
o (€0, r) = 3mC V 2m (eo — U), (18) 


where C is a constant. 

We express the sum (17) in terms of the mo- 
ment of inertia and the total level density at the 
Fermi surface po(€ 9) = Jo (€9, r)dV. Evaluating 
the density and the moment of inertia, we get 


po = 3CreG/wi, Jo = Cn2et/2w’, (19) 
29.33. d4J? 
Dd (Mar 6 (@,) = as (20) 
A a 


Substituting Eq. (20) into (16), and taking into 
account that 2? = I1(1+1)J% we find 


EO = PI +1). (21) 


~ 40p, 7 a? 
The coefficient in front of I?(1+1)* in the expan- 
sion of the energy of the system is usually denoted 
by B. Comparing the coefficient B obtained from 
Eq. (21) with By from (2), we get 


ete hae 


Vale 


BIBy ~ (hoe)*Jy/ pod. (22) 
The energy of the ‘‘vibrational’’ levels in a de- 
formed nucleus is about 0.7 —1 Mev, i.e., of the 
order of the energy required to break up a pair 
amounts to ~ €,A~/*. Since J) ~ A*®/?/é, py ~ A/Eo, 
and d, ~ €,A72/3, we have B/By ~ A”/?, 

The formula thus yields for the energy correc- 
tion arising from the coupling of the rotation to the 
single-particle motion an appreciably larger value 
than the phenomenological correction connected 
with the vibrations. Numerically, they turn out to 
be very close to one another. 

When the deformation decreases, B increases, 
as in this model B~ £7’. A similar tendency is 
observed experimentally. The criterion for the 
applicability of perturbation theory is the condition 
B> A~. The theory developed here is thus ap- 
SSS camye the region of stable deformations where 
Ba ATs, 


TeGRUN? 


Let us estimate the average numerical value of 
the coefficients B. For the rare-earth region 
h2/J) © 13 kev, d = 2 Mev, and py = 3A/2€) 7 
Mev‘. It follows then from Eq. (21) that Btheor 
~ 2x 107% kev, while Bexp ~ 10 x 10°’ kev. For 
the region of the heavy elements h?/Jy = 7.4 kev, 
d= 1.7 Mev, py) * 10 Mev!, and Biheor ~ 0.5 
x 107* kev, Bexp ~ 4 x 1073 kev. 

To obtain quantitative agreement between theory 
and experiment it is necessary to take into account 
the effects of pair correlation and for small defor- 
mation also the presence of collective excitations; 
this will be done in subsequent papers. 


‘Vv. M. Galitskii and A. B. Migdal, JETP 34, 
139 (1958), Soviet Phys. JETP 7, 96 (1958). 

2A. B. Migdal, JETP 87, 249 (1959), Soviet 
Phys. JETP 10, 176 (1960). 
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We consider reflection of electromagnetic waves in a ferrite or in an infinite homogeneous 
plasma from a magnetic-field wave (moving magnetic ‘‘mirror’’), and also reflection from 
a moving plasma and from an ionization wave produced in a stationary plasma. The calcu- 
lations are made in the geometric optics approximation, and a more exact solution is found 
near the point at which this approximation becomes invalid. It is shown that in all cases 
considered the frequency increases upon reflection. The wave amplitude and total energy 

of the wave packet also increase after reflection; an exception is reflection from an ioniza- 
tion wave, for which the amplitude of the reflected wave is equal to the amplitude of the in- 
cident wave and the total energy of the wave packet decreases upon reflection. 


INTRODUCTION 


‘Tue increase in frequency and amplitude, occur- 
ring when electromagnetic waves are reflected 
from a plasma moving in a medium with dielectric 
constant « > 1, were discussed by Lampert!" and 
by Feinberg and Tkalich.@! Zagorodnov et al!) re- 
ported an experiment in which an increase in fre- 
quency was observed when electromagnetic waves 
were reflected from a plasma moving inside a he- 
lical transmission line. 

An analogous effect can be obtained by using the 
dependence of the effective dielectric constant or 
permeability of certain types of electromagnetic 
waves, propagating in a plasma or in a ferrite, on 
the magnetic field intensity. For example, the ef- 
fective dielectric constant for a right-hand polar- 
ized plane wave, propagating in a plasma along the 
direction of the magnetic field, is 


(1) 


Here whl = 47e"N/em is the square of the plasma 
frequency, wy =eH,/cm the Larmor frequency, 
N the electron density, Hy the intensity of the mag- 
netic field, e the absolute value of the electron 
charge, and € the dielectric constant of the me- 
dium in which the plasma is situated. The expres- 
sion for the effective dielectric constant of waves 
with left-hand polarization differs in the sign of 
wy from expression (1) for right-hand polarized 
waves. 

It is seen from (1) that €g¢¢ can be negative not 
only in a region with sufficiently high electron den- 


Ser = elas —— (1 + ww) \/o (@ — on). 


sity, but also in a region with sufficient magnetic 
field intensity. Consequently, such a region, like 
a region with large electron concentration, can 
serve as a mirror for anelectromagnetic wave with 
right-hand polarization; a ‘‘mirror’’ for left-hand 
polarized waves will be a region where the mag- 
netic field intensity H)y decreases. 

It is also easy to verify that a region with in- 
creasing magnetization field intensity can serve 
as a mirror for several types of waves propagat- 
ing ina ferrite. For example, quasi-transverse 
waves in a two-dimensional waveguide (Fig. 1) 


FIG. 1. Two-dimensional waveguide; 1—perfectly coaduct- 
ing plates, 2— ferrite. 


filled with ferrite and right-hand polarized waves 
in a homogeneous unbounded ferrite will be re- 
flected from the region where 


0) ccty (ore 4nMy za *HHo, 


for the effective magnetic permeability for these 
waves will be negative in this region™ (here y 
is the absolute value of the gyromagnetic ratio 
for the electron spin, and M is the saturation 
magnetization of the ferrite). 
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By producing fields that vary in space and in 
time, it is possible to obtain ‘‘mirrors’’ moving 
with high velocities, and consequently increase 
the frequency greatly.* However, reflection from 
such a moving ‘‘mirror’’ has certain features dis- 
tinguishing it from reflection from regions where 
the magnetic field is constant in time. We consider 
in the present paper the reflection of quasi-trans- 
verse waves in a two-dimensional waveguide filled 
with ferrite, and of right-polarized waves in an un- 
bounded plasma, from the traveling wave of a lon- 
gitudinal magnetic field. For comparison, we con- 
sider the reflection of electromagnetic waves from 
a plasma moving in a medium with € > 1, and from 
an ionization wave produced in a stationary plasma. 


REFLECTION OF QUASI TRANSVERSE WAVES 
IN A TWO DIMENSIONAL WAVEGUIDE FILLED 
WITH A FERRITE, FROM THE WAVE OF THE 
MAGNETIZATION FIELD 


It follows from the results of Suhl and Walker" 
that when a two-dimensional waveguide filled with 
a ferrite magnetized to saturation is sufficiently 
thin, the components of the field of the quasi-trans- 
verse wave can be regarded as being independent 
of the transverse coordinates, except when the fre- 
quency is close to a certain critical value: tT 


© op = 1 V Ao (Ho + 40M) « 


This, obviously, remains valid also when the mag- 
netization field Hy varies sufficiently slowly in 
time and in the coordinate z along which the wave 
propagates. In this approximation, the problem of 
the propagation of quasi-transverse waves is one- 
dimensional, and Maxwell’s equations as well as 
the equation for the magnetization vector can be 
readily reduced to the form 


Oh, Fy PCRs { C@p Om 
——_s = p—_— | —__—— -— B x 
Oz? a | FYE Oy ph, + OO, @p Ot a | ’ 
de Oh 
h = — fr + eee ree care 0 as — os PNG 
‘ 2 3 : : ot Sy Gay 
dm, om, 
Die whee ees ee Oe ah, + W Mx. (2) 


It is assumed here that the dissipative term in the 
equation for the magnetization vector vanishes, the 
magnetization field H)(t,z) has only a longitudinal 
component Hoz = Hy (t,z),and the y axis is per- 
pendicular to the walls of the two-dimensional 


*It can be shown that in a two-dimensional waveguide and 
in an unbounded ferrite, such a ‘mirror’ can be a shock elec- 
tromagnetic wave*’* with front duration longer than the period 
of the incident wave. If the duration of the front of the shock 
wave is shorter than the period of the incident weak electro- 
magnetic wave, no reflection can take place.’ 

TIt should be noted that [‘] states erroneously that 
®cr = YHo. 
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waveguide (see Fig. 1). In addition, the following 
notation is used 
Myx — 4nM x, 


My =AKMy %) = THe» 


ou = y4nM, oO, = WO +m} 


M is the magnetization vector. 

If Ho(t,z) is a sufficiently slow function, the 4 
propagation of quasi-transverse waves can be in- 
vestigated by the method of geometric optics. [8-10 
We seek the solution in the form 


h, = (ho + +...) e%, m = (m) +m,+.. .) e%, 


@y = (ep ty ta sae ee (3) 
where hy > hy >...; |mo| > |m,| >...3 e9 > EY 
>... and 0%/8dt and 8/az are slow functions com- 


pared with the eikonal ~. 

The equations obtained from (2) and (3) for the 
eikonal ~ and for the successive approximations 
of the field amplitudes can be readily integrated 
in quadratures, if the magnetization field has the 
form of a wave traveling at a constant velocity V 
along the z axis, i.e., if Hp(t,z) depends only on 
the quantity € = Vt-—z. In this case the field am- 
plitude depends only on £, and we have, in particu- 
lar, in the zeroth approximation 


ho = ho (— co) | + BYE aye (1+ 2x2) |” 


—oo 


x [we + BYE wy (14 Foodie 


M 
b 
\ 


—oo 


x [vet o¥ w (14 - 


On (a an 7) 


(bi — ©)” 


xexp [5842 


4 ey do p ] 
B=VV ele, X% = mulhy =— omogl(p? —@o5). (4) 


The wave number wz and the frequency 7%; also de- 
pend only on é, and are determined from the equa- 
tions 


2 2 
mee vj — ©B ad Din — Ve 
v2 C2 v7 2 — 0%, , pz V ? (5) 
while the eikonal ~ is equal to 
E 
p = —\ ¥. (8 dB + Wal. (6) 


Eo 


Here %p. is an arbitrary integration constant, 
equal to the frequency at the point where jz = 0; 
€) is an arbitrary constant. 

Let us examine the case when an electromag- 
netic wave with initial frequency y.,(—°), satis- 
fying the condition ,,;(-°) > wB(-™), propa- 
gates in a direction opposite to the wave of the 
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magnetization field, which is a monotonically in- 
creasing function of ~. Analyzing the properties 
of the solutions of (5), we readily see that the fre- 
quency 7%;; increases with increasing é, i.e., 
with increasing magnetization field, while the 
wave number #z., decreases, vanishing at a point 
£, determined from the condition 74.1 (£1) = Yto 
= wplé,). 

When £ = 0, i.e., when the magnetization field 
is independent of the time, the geometric optics 
is no longer valid in the vicinity of this point. How- 
ever, if 8 > 0 and H,(é) is a sufficiently slow and 
smooth function, the first approximation in the 
vicinity of &,; remains much smaller than the 
zeroth approximation, since h;/hy ~ (dH)/dé)?, 
d7H /dé*, and the proportionality coefficients re- 
main finite in £; when B > 0. Consequently, geo- 
metric optics still applies at this point, * although 
the sign of the wave number, and consequently the 
direction of the phase and group velocities, does 
change (Fig. 2). The group velocity, however, is 
smaller than the V. The electromagnetic wave 
can therefore again be regarded as incident rela- 
tive to the magnetization-field wave. 


Mysh 


FIG. 2. Amplitudes of the magnetic fields of the incident 
(1), reflected (2), and refracted (3) waves and of the magneti- 
zation field H, (4), as functions of z at the instant t. The 
arrows show the direction of the energy, averaged over the 
period of the flux, in various regions of space. 


When 0 < B< 1, geometric optics does not hold 
for an arbitrarily slow variation of H)(&) in the 
vicinity of the point — where dy,/dé = ©, and the 
group velocity is equal to V. The frequency 7; 
the wave number jz, and the coordinate € of this 
point, from which we shall henceforth measure &, 
are determined from (5) and from 


Pe + BWV ele) We (1 — % ¥/om) = 9. (7) 
The vicinity of ~ reflects a wave whose group ve- 


*This can be seen also from the fact that the point €, has 
no singularities in a coordinate system moving with velocity V. 
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locity is greater than the velocity of the magneti- 
zation-field wave. We shall henceforth call this 
the reflected wave. As B — 1, the reflected wave 
appears only when the maximum value of the mag- 
netization field tends to infinity. When 6 = 1, 
there can be no reflected wave, and the field at 
any point is described by formulas (4) — (6), which 
in this case have for Wjnc > &B(-—~) only one 
solution, describing a wave incident with respect 
to the magnetization-field wave. 

To determine the connection between the ampli- 
tudes and phases of the incident and reflected waves, 
we assume, as is usually done," that the coeffi- 
cient of refraction varies linearly in the region 
where geometric optics is invalid. In the case 
considered below, it is sufficient for this purpose 
to put 


pg = Wp(l + 2aé). (8) 


When av < Des a solution of (2) can be sought in 
the form 


hy (t, 2) = Uh, (&) + (®) +... -lexp [i (pt + p.2)], 
m (é, 2) = [m, (€) + my (6) +.. J exp fi (p,t + %p,2)], 


ey (t, 2) = ley (&) +e: (&) +...) exp Li (pt + .2)]. (9) 


Here |ho| > |hy|>>..-3 [mol > [ay as 
|e, | > |e,| >>... are slowly varying functions, 
so that | am,/at| « |%m,| and so on, but their 
second derivatives cannot be regarded as small. 
We restrict ourselves to a case when the mag- 
netization-field wave velocity is so high that 
0< (1-8) «1. We then obtain in the zeroth ap- 
proximation the following equation for the ampli- 
tude of the magnetic field 


dh,/dy? — (2a0p"/B?) nto = 0, 1 = 20 (p2/B? — inp.), 
(10) 
the solution of which has the form!®# 


hy (&)= A (2oapz/B*)"" ® [(2ap2/B*)~*n). 
Here ® is the Airy function. From the properties 
of this function" *! it is seen that when & > 0 the 
amplitude of the refracted wave is a damped func- 
tion, which for large € is proportional to* 


exp e en — B?) ©M®o — tee! F 
0 


ce 


(11) 


From a comparison of (11) with the solution 
(4) — (6), in the approximation of geometric optics, 
it is seen that when ¢ is negative and large in ab- 
solute value, the field is a sum of the incident and 
reflected waves ho., and ho;» respectively: 


*The refracted wave is described, apart from a constant 
factor, by formulas (12) and (14), where the index used is is 
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h See h f {y,. 1,2 i 8 (V e/c) Wi iss (1 5 @o¥7/@g)]_0 ie 
12 =F 2) [b..42+8 (V €/c) Wy. 1.9 (1 + @ox?/p)]e j 


[4.8Ve ROM (OR + VE 1 ay) 
Ree eas \ he (V7;1,9 — op)? 
ad Mey * ldo 
x | Pena t EE praal eras eis ae 
+i (tat z)) 


Pio = —| ein + iol. 
4 (12) 


€o; 1,2 = (Cz; 1,9/E We; 1,2) Ao; 1,25 


The ratio of the amplitude of the incident wave 
(h;) to the amplitude of the reflected wave (hy) 
far ahead of the front of the magnetization-field 
wave is approximately equal to the ratio of the 
wave frequencies in this region: 


halhy = Ye; 2(— 0) /P:,1 (— ©). (13) 


The dependence of the frequency and of the wave 

numbers on & is determined from Eq. (5), which 
in the case Wy K yy can be approximately written 
in a more convenient form: 


— Bot | v3, — (P—B*) oF 


The square bracket in (14) vanishes at the point 
of reflection €, and consequently the frequencies 
and wave numbers of the incident and reflected 
waves are equal to each other. On going further 
into the region of weaker magnetization field, the 
frequency of the incident wave decreases, while 
that of the reflected wave increases. Consequently, 
an increase in frequency takes place upon reflec- 
tion, and, as can be readily verified, this increase 
obeys the usual Doppler formula. According to 
(13), the amplitude of the reflected wave increases, 
as does also the total energy of the reflected wave 
packet, W2. Indeed, the energy of the wave packet 
is proportional to the energy flux density averaged 
over the period and to the duration of the wave 
packet, which varies upon reflection as the recip- 
rocal of the frequency. It then follows from (12) 

— (14) that the ratio of W, (total energy of the re- 
flected wave packet) to W, (total energy of the 
incident wave packet) is 


(14) 
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vw (ny Via (=) | Pe2 (— 9) | 


and is greater than unity. 


REFLECTION OF PLANE ELECTROMAGNETIC 
WAVES IN UNBOUNDED PLASMA FROM A 
LONGITUDINAL MAGNETIC-FIELD WAVE, 
FROM A UNIFORMLY MOVING INHOMOGE- 
NEOUS PLASMA, AND FROM AN IONIZATION 
WAVE IN A STATIONARY PLASMA 


For all the three cases mentioned in the heading, 
Maxwell’s equations can be readily written in the 
form 


oe & O7e 
oz? Cc of 


40 Oj 0 


Ce Ol ; (16) * 


rote = — 
We confine ourselves to a very simple plasma 
model, without pretending to describe fully the 
processes occurring in the plasma. Namely, we 
assume that in the case of reflection from a mag- 
netic field that varies in space and in time, and 
from a moving plasma, the current density j is 


j = —eNv. (17) 


In this equation N is the electron density, which is 
constant in the former case and depends on é = 

Vt — z in the latter (V is the velocity of motion of 
the plasma); v is the forced solution of the equa- 
tion of motion of the electrons: 


dv/dt = — (e'm) e — (e/mc) [vH]. 


(18) 


In the case of reflection from an ionization 
wave? it is necessary to take into account the al- 
ternating current produced by the uniform motion 
of the electrons, at a velocity determined by the 
initial conditions at the instant of ionization. As- 
suming the initial velocity upon ionization to be 
equal to zero and replacing the summation by in- 
tegration we find that in an ionization wave 

t 


j=—eNv-+e bar 


—oo 


(19) 


Investigating the solution of (16) — (19) by the same 
method as the solution of (2), we find that far in 
front of the reflecting point the field is equal to 
the sum of the fields of the incident and reflected 
waves (@.; and @9.. respectively). 

*rot = curl. 

tivH] = vx H. 

+An ionization wave, namely a moving boundary of a region 
with increased electron concentration, can be obtained by ex- 
posing a stationary gas to ionizing radiation of intensity that 
varies in space and in time. Obviously, no limitations are im- 
posed on the velocity of the ionization wave. 
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In reflection from a moving plasma, we confine 
ourselves to the case of nonrelativistic plasma 
velocity,* V<c, so that the effect of the magnetic 
field of the wave on the electrons can be disre- 
garded, and we can assume dv/dt = av/at. In re- 
flection from a magnetic-field wave, we consider 
only a right-hand polarized wave, and also assume 
that wH K wp] < Yt and p? «1. Then the depend- 
ence of the frequencies and wave numbers of the 
incident and reflected waves on é will have in all 
three cases the following explicit form: 


Vian = a {bio FB [y2, — (1 — B*) 2, — town"), 


€ 


Pz; 1,2 == eas {— Brbio + [y2, — (1 — B*) 8, — Poon}. 
(20) 

From a comparison of (20) with (14) we see that in 
all three cases the change in frequency and wave 
number is qualitatively similar to that in reflection 
from a magnetization-field wave in a ferrite. 

The amplitudes of the incident wave and the wave 
reflected from a magnetic-field wave vary as 


€); 1,2 = 1,2 coe ne ee. B(bis 12+ @8  On)/ (pe — @y)? ie 


me —1)*/2 
x bese a as B (tpi;1,2 + oF On/ (Pe — W#)”) | 


E 


& 
d 
x| | mary i RON ae (21) 
%Pz; 1,2 Suu Des 12 (ip, — Oy)? | t 


The ratio of the amplitudes of these waves at in- 
finity e9.4(— ©)/e9;.(— ©) = e,/e, is equal in this 
case to the ratio of the corresponding exponential 
factors in (21) with an upper integration limit 
equal to zero. This ratio is less than unity, i.e., 
the amplitude of the wave increases upon reflec- 
tion, and, as can be readily shown, an a way as 
to increase also the energy of the wave packet. 

In reflection from a moving plasma (a) and 
from an ionization wave in a stationary plasma @), 
the amplitudes are determined respectively by the 
equations 


Sonne C124 102) —. (1, — p*) 
<@2, (— o<) 1/7, — iieeB5) wo (E) ye (§); 
€9/€, = pz; o( — 0)/"fe1 (— co), P= Vr1,2 (§)/VPe 12 (— 00); 


>/e1 = es sae the (22) 


It follows from (12), (13), (21), and (22) that re- 


*At relativistic plasma velocities, a solution in the geo- 
metrical-optics approximation was obtained by Ostrovskii.|* 

tIn the calculation of the ratio of the energies of the re- 
flected and incident wave packet it is necessary to replace 
the ratio of the squares of the magnetic-field amplitudes in 
(15) by the ratio of the squares of the electric-field amplitudes. 


°] 
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flections from a magnetization-field wave in a two- 
dimensional waveguide filled with a ferrite, from 

a magnetic-field wave in a homogeneous moving 
plasma, and from a moving inhomogeneous plasma 
all are qualitatively alike; in addition to increasing 
the frequency, the reflection increases the ampli- 
tude of the reflected wave and the energy of the 
reflected wave packet. 

The increase in energy of the reflected wave 
packet can be attributed in the first two cases to 
the fact that the magnetic moment per unit volume 
of the ferrite, deflected by the high-frequency field 
from the direction of the magnetizing field (or the 
magnetic moment of the electron produced by the 
high-frequency field) is situated in an increasing 
magnetic field. This increases energy of interac- 
tion between these moments and the magnetic field, * 
and therefore more energy is reradiated than was 
originally expended by the high-frequency field. 

In reflection from an ionization wave, the fre- 
quency increases in exactly the same way as in 
reflection from a moving plasma. The amplitude 
of the reflected wave, however, is equal to the am- 
plitude of the incident wave, and consequently the 
energy of the wave packet is decreased by reflec- 
tion. Part of the energy of the incident wave packet 
goes into the kinetic energy of uniform motion of 
the electrons. 

The author is grateful to A. V. Gaponov for 
advice and for a discussion of the manuscript. 

*From the equation for the adiabatic invariant“4it is seen 
that for an electron this increase is equal to the increase in 
kinetic energy of its rotational motion. 


int, A. Lampert, Phys. Rev. 102, 299 (1956). 
2Vva. B. Fainberg and V. S. Tkalich, ZhTF 29, 
491 (1959), Soviet Phys.-Tech. Physics 4, 438 (1959). 
3 Zagorodnov, Fainberg, and Egorov, JETP 38, 
7 (1960), Soviet Phys. JETP 11, 4 (1960). 

4H, Suhl and L. Walker, Waveguide Propagation 
of Electromagnetic Waves in Gyrotropic Media 
(Russ. Transl.) IIL, 1955. 

5A. V. Gaponov and G. I. Freidman, Izv. Vuzov 
—Radiofizika 3, 80 (1960). 

6G. I. Freidman, ibid. 3, 277 (1960). 

TL. A. Ostrovskii, ibid. 2, 833 (1959). 

81. D. Landau and E. M. Lifshitz, Electrody- 
namics of Continuous Media, Pergamon, 1961. 

9Al’pert, Ginzburg, and Feinberg, Raspro- 
stranenie radiovoln (Propagation of Radio Waves), 
GITTL, 1953. 

107, A. Ostrovskii, op. cit. ©! 4, 293 (1961). 

117, D. Landau and E. M. Lifshitz, Classical 
Theory of Fields, Addison-Wesley, 1951. 


Translated by J. G. Adashko 
46 


iT 


SOVIET Pi VSICOsiJ ETE 


VOLUME 14, NUMBER 1 


JANUARY, 1962 


NUCLEON CORRELATIONS AND PHOTONUCLEAR REACTIONS. I 


THE PHOTODISINTEGRATION OF He* 


G. M. SHKLYAREVSKII 


Leningrad Physico-Technical Institute, Academy of Sciences, U.S.S.R. 


Submitted to JETP editor February 6, 1961 


J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 234-238 (July, 1961) 


We consider a model in which pair correlations are taken into account and discuss the photo- 
disintegration of the He* me eue: The available experimental data allow us to eee the 
range of the pair correlations ae (S: spin of the correlated pair). In triplet states rk 

~ (1.3 to 1.4) 107! cm. We obtain an upper limit for the correlation range in singlet states: 


rk << rk /3. 


tis One of the directions in which the theory of the 
nucleus has been developed is via an account of 
nucleon pair correlations. There are a number 
of papers!!-3] devoted to this problem. On the 
other hand, Levinger™ has some time ago indi- 
cated the importance of nucleon correlations for 
the theory of photonuclear reactions in the high 
energy region. 

Gorbunov"! has obtained experimental data on 
the reactions 


(A) 
(B) 


fiet (7, np) D, 
Het (7,:2n) 2p, 


and in particular the cross section for the reaction 
A and the ratio of the number of cases in which re- 
action B is observed to the number of cases of re- 
action A (which is approximately equal to ae We 
shall show in the present paper that these experi- 
mental data enable us to reach some conclusions 
about the character of the nucleon correlations in 
the He* nucleus. As the correlation is essentially 
determined by nucleon-nucleon interactions at small 
distances, these conclusions can apparently also be 
applied to other nuclei. We can here note before- 
hand that the small difference between the cross 
sections for the reactions B and A indicates that 
the correlations of nucleon pairs in singlet states 
is appreciably weaker than in triplet states: our 
calculations corroborate this assumption. 

2. We write the He’ nucleus wave function in 
the form 


ee ‘| [La whe 15, Q°) Vipm, 


os] 


(1) 


where VYypyy is or independent particle model 
wave function, Qs the projection operator into a 
nucleon pair state with total spin S and vanishing 


total relative orbital angular momentum; x8 are 
correlators. 

We shall assume that the correlators have the 
following properties: 1) they are functions of 
|rj—rj| only and xB (0) =—1 corresponding to 
a strong nucleon- aaeiee repulsion at small dis- 
tances while xB — 0 as r—»; the distance over 
which the correlation differs aaprbetanle from 
zero is called the correlation range; 2) the corre- 
lation range may depend on the spin of the corre- 
lated nucleon pair; 3) the correlators are inde- 
pendent of the third component of the isotopic spin 
of the pair in virtue of the charge-independence of 
the nuclear forces. We shall also assume that the 
correlators are small, and shall neglect their 
products with one another. The criterion that 
they are small is expressed by the inequality 


tf 
> lems |< 1, 
mn 
where the COR are the expansion coefficients 


Wz? = Deworgr. 

The of are here the single-particle functions 
out of which Yypyy is constructed; i and j are 
particle numbers; qa and 8 are their individual 
quantum numbers. 

The function ” must be normalized using the 
condition | (¥|¥ypy)|?=1. To evaluate the nor- 
Rn: factor N we write the two-particle func- 
tion vB(ij) =(1+ x85) poh in the following form 


pss (ij) = (zo + 4x5 5) ofa), 
Zep =I1+ <orgy | Ki Q° | gr@h>, 


where the operator q makes the components of 


(2) 
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XEQS0 Po? which belong to Wypyy vanish. When 
writing it in this form the condition* . 

<oF@) | axG;Q° | Gig) > = 0 
is satisfied. 


Using the fact that the correlators are small 
we have 


and 


WY WV ipm + ai {27} qXQoU rpm. (3) 


ij 


We note the resemblance of Eq. (3) with the expres- 
sion for the wave function in the first order of usual 


perturbation theory. 
3. It is convenient to take as the wave function 


wv‘) of the final state an eigenfunction of the Hamil- 


tonian 
4 
FT; ra » T; + Vie + Vs, 
1 


where to fix our ideas the numbers 1 and 2 indi- 
cate respectively a proton and a neutron with mo- 
menta hk, and hk,, while the numbers 3 and 4 in- 
dicate the proton and the neutron which in reaction 
A form a deuteron and in reaction B move with 
some energy of the relative motion Eye] = f’x?/2u 
(u=m/2 is the reduced mass). Such a choice of 
Hf is connected with the fact that the interaction 
V3, which leads to the formation of a deuteron 
must be taken into account exactly. The remain- 
ing part of the interaction 


Y= » V,; — Vie — Va 
i>j 
can be.taken into account approximately but we 
shall not do that as the correction will only be im- 
portant near the threshold of the reaction. 

We only evaluate the total cross section for the 
reactions, and restrict ourselves therefore in the 
operator for the electromagnetic transition Hg to 
the electrical dipole term, i.e., we put 


Hy ~ = SVU, 


where ¢ is the polarization vector of the y quan- 
tum and 1} the third component of the isotopic 
spin of the i-th nucleon. 

If we separate the motion of the center of mass 
of the nucleon pairs 1-2 and 3-4 from their relative 
motion, which is possible when we choose oscillator 
wave functions,t we get the cross section for the 


*One usually puts <7 oF | Xz; | proF> = 0, It is, however, 
practically impossible to find a function \;, with arbitrary 
parameters satisfying this condition. 

+The elimination of the center-of-mass motion was per- 
formed by the method used by Lipkin.° 
y 
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He‘ (vy, np) D reaction in the following form:* 
dod ~%|G(K) gogi (K) KEP dK dk, go = \ oa (4) Geet (2) ar, 
By (k) = (20 eG Qrer(t) dr, S=0, 1, 
G(K) = (2n)-"/ \ e~KR@ (R) dR. (4) 


Here q is the deuteron wave function, gre] the 
wave function of the relative motion of the nucleon 


pair, k = 4(k,—-k,), K=k,+k,,and @(R) is the wave 


function of the center of mass of one pair of nucle- 
ons in the He* nucleus with respect to the other 
pair. In deriving Eq. (4) we have assumed the 
phase shift in the p state to be equal to zero. 

For a given energy EA of the incident y quan- 
tum the magnitudes of the momenta hK and hk 
are connected through the energy conservation 
law. Integrating (4) over the angles of the vectors 
K and k and over all values of k possible for a 
given EA we obtain the cross ‘section for the re- 
action A as function of the energy EA. It is, fi- 
nally, necessary to give the explicit form of the 
correlators. The most convenient form for cal- 
culations is 


45 = — exp {— B17)» (5) 


and then the correlation range a & pov 2. A com- 


parison of the calculated and the experimental cross 
sections for the He*(y, np) D reaction (see Fig. 1) 
enables us to choose f; = (0.5 to 0.6) x 1028 cm~? 
corresponding to a correlation range in the triplet 
state of rk ~ (1.4 to 1.3) xX 10713 em. This result 
corroborates the validity of the assumptions made 
in Sec. 2 involving the smallness of the correlators. 


6, take m? 
3 


FIG. 1. Total cross sec- 
tion for the He‘ (y, np)D reac- 
tion. The points are Gorbunov’s 
experimental data® and the 
curves 1,2, and 3 the theoret- 
ical total cross sections for 
Be= 0,7, 0.5, and 0:3. x 10% 
cm”, respectively. 
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*For the sake of simplicity we have omitted from Eqs. (4) 
and (6) the factor 4{z5}~?(e?/hc) (27)*h'm*E5*, where Ey 
is the energy of the y quantum. 
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Indeed, for the above-mentioned values of 6 we 
have >)|c™M2 |? ~ 0.048 and 0.040. 
mn &P 


4. We can obtain information about the triplet 
correlation range only from the data on the 
He’ (y, np)D reaction. It turns out, that one can 
determine an upper limit for rk by comparing 
the cross sections of the reactions A and B (in 
practice one compares the number of cases where 
the reactions A and B are observed under iden- 
tical circumstances"!), 

We evaluate the cross section for the He!(y, 2n) 2p 
reaction for the case where k, and k, are the 
same as the corresponding momenta in the reac- 
tion A and the nucleons 3 and 4 move with a rela- 
tive momentum kx. The energy necessary for this 
case is EB = BA + eg +n%x?/2u, where eq is the 
deuteron binding energy. We get 


do® ~ (An) | G(K) ds () Bs ( ke 
Ss 


+G (K) Bos (R) Zs (%) #6)? dK dk dx, 


x gs(u) =YV ZIP A orale) Pdr. (6) 
Here, 6° is the phase of the s wave in the corre- 
sponding spin state. 

Integrating (4) over the angles of the vector k 
and multiplying it by the number of y quanta in 
the beam with energy EA (denoted by n‘*) we get 
for the reaction A the number of reactions for a 
given momentum hK. On the other hand, integrat- 
ing (6) over the angles of the vectors kK and xk, 
multiplying it then by nP and integrating over kK 
from zero to its maximum value determined by 
the end-point energy of the y spectrum and the 
energy EA we obtain the number of reactions B 
with energies from EA + Eq to ED A (for the 
same fixed values of K and k). We denote this 
quantity by p8(EA, k). The ratio pB/pA can 
then be expressed in the form 


pan = 6 (E“, k) 
= [n goat (A) >) (4) 188 (3) \ n? ass (x)x? dx 
S 
+ k-2g25 (k) \ n®B% (x) 0! dx\ (7) 
We note that the momentum hK has disappeared 
from this ratio. 
The quantity 
c= pate: k) C(E*, k) dEdk |\P* (E, k) dE dk 
(B= EB") 


in which we are interested can be evaluated for 


different assumed values of the parameter Bp. The 
results are given in Fig. 2. 


FIG. 2. The results of the calcu- 
lations of x. The shaded band corre- 
sponds to the experimental value 
x = / (see reference 5), 
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If we take into consideration a certain lack of 
precision both in the experimental data and in the 
calculations, we can state that the correlation 
range in the singlet state of a nucleon pair is not 
larger than about ie that of the triplet correlation 
range. This result depends only little on the pre- 
cise choice of the form of the correlators. 

There are at the present no calculations which 
enable us to find the form of the correlators of 
the correlation range from a general theory and it 
is thus difficult to interpret the result obtained 
here. It is, apparently, connected with the large 
difference between the nucleon-nucleon forces 
in the °S and the ‘S states at small distances. 

I consider it a pleasant duty to express my 
deep gratitude to M. Ya. Amus’ya for valuable 
discussions connected with this work. 
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The possibility that the energy density of the neutrino and antineutrino in the Universe is 
comparable to or greater than the energy density due to the rest mass of hydrogen is con- 
sidered. The assumption of a large neutrino and antineutrino energy density is not incon- 
sistent with the available experimental data. Some methods of verifying this assumption, 
which arises as a result of discussion of PC-asymmetry of the world together with the 
hypothesis of existence of anti-worlds, are discussed. The importance of the Fermi 
(ev)(ev) interaction which ensures transfer of energy to the vy component is empha- 
sized. It is shown that the small magnitude of the ‘‘visible’’ kinetic energy density (which 
is much smaller than the energy density due to the rest mass of the nucleons) is not in 
contradiction with the hypothesis of separation of matter from anti-matter as a result of 
fluctuations in a charge symmetric universe. The fluctuation hypothesis merely requires 
that sometime in the past the neutrino and antineutrino energy density exceeded the nucleon 


energy density by several orders of magnitude. 


INTRODUCTION 


Up to this time there does not exist a well- 
founded estimate of the density of neutrinos and 
antineutrinos in space. Since these particles are 
hardly at all absorbed by dense matter, and since 
the manner of their production in the past is un- 


known, their number could attain large magnitudes. 


Although it is generally accepted that the matter 
in the Universe consists in essence of hydrogen 
a natural question arises: could not the energy 
contained in the neutrinos and antineutrinos in 
the Universe be comparable to or even larger 
than that contained in hydrogen? 


CHARGE ASYMMETRY OF THE WORLD AND 
THE FLUCTUATION HYPOTHESIS 


The assumption of a large number of v and vp 
in the universe arises, for example, in the discus- 
sion of the question of charge (more precisely, 
PC) asymmetry of the Universe. The possibility 
of existence of anti-worlds, resulting from fluc- 
tuations in a charge symmetric Universe, has 
been repeatedly discussed in the literature. Al- 
though at this time there are no experimental 
grounds for supposing that anti-worlds really 
exist, it seems of interest to us to note that the 
fluctuation hypothesis requires the existence in 
the Universe (now, or sometime in the past) of 
a large charge symmetric “ackground.’’ Such 


a background should in principle consist to a large 
extent of v and vp, whose densities are equal. 
Therefore the fluctuation hypothesis in principle 
leads to a conclusion which can be verified under 
“earthly’’ conditions. We note immediately that 
should this background exist today a measurement 
of the flux and energy of v and v would give the 
value of a very important parameter—the average 
energy density in the Universe. At present the 
energy density of the Universe is estimated from 
the ‘‘smear-out’’ of galaxies. All astronomical 
estimates at this time agree that the average den- 
sity of such ‘‘smeared-out”’ galaxies does not ex- 
ceed 10-2? g/cm? (107? Mev/cm?) or is less than 
107° protons in 1 em?, “J « 

It follows from the equations of the general 
theory of relativity, that the average energy of 
relativistic particles (in our case neutrinos ) 
falls in direct proportion to the curvature of the 
space a~! (the energy density of such particles 
falls as a-*). In other words, the average energy 


*The question of the matter density in the Universe is 
particularly important for deciding on a cosmogonic model of 
the world. The magnitude of the average density coresponding 
to a flat Universe (passage from a closed to an open model ) is 
~5 x 10~-” g/cm*2l In connection with the fact that recently 
the scale of cosmic distances was increased by more than a 
factor of two this number should be decreased to approximately 
2 x 10-? g/cm*, which is close to the quoted estimate of the 
density. The size of the neutrino component may, therefore, 
turn out to be decisive. 
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of the neutrino in the past should be larger than 

its present energy by as many times as the curva- 
ture was larger in the past. Therefore in the past, 
when the density of matter was colossal, the neu- 
trino energy density may have been larger than 

the nucleon energy density by many orders of mag- 
nitude. These may have been the conditions under 
which fluctuations took place. We have nothing to 
say about the mechanism of the fluctuation, in par- 
ticular the question of ‘‘primordialness’’ of vv 
pairs is left open. We shall only remark that from 
our point of view the presence of anti-matter in 
our galaxy is by no means excluded. 

Obviously the estimate of v and v energy den- 
sity in the Universe depends strongly on the con- 
crete cosmogonic model. Let us emphasize once 
more that the fluctuation hypothesis requires the 
existence of a large symmetric background of 
neutral particles now or sometime in the past. 

If today the energy density of v and py should 
turn out to be small in comparison with nucleon 
energy density (as is quite likely), this would in 
no way contradict the fluctuation hypothesis. 

At the same time the existing experimental 
data, discussed below, do not exclude the possi- 
bility of even large (i.e., in comparison with nu- 
cleon energy density) values for the energy den- 
sity of v and pv, and furthermore large values 
(2 100 Mev) for the average energy are not a 
priori excluded either. It is therefore of impor- 
tance to verify whether the contribution of neutri- 
nos to the general energy density in the Universe 
is substantial also at the present time (from a 
different point of view the importance of this prob- 
lem was indicated by Kharitonov" and Marx and 
Menyhard“™ ), 


THE UNIVERSAL WEAK INTERACTION AND THE 


ENERGY TRANSFER INTO THE vy COMPONENT 


If the possibility of existence of energy density of 
v and » comparable to 107? Mev/cm? is seriously 
considered then one is confronted in a natural way 
by the question: why are there not in the Universe 
intense fluxes of y rays with energy and energy 
density comparable to the energy of the proposed 
lepton flux? One can answer right away that the 
energy of annihilation photons (from the decay of 
pions) will be naturally degraded under conditions 
of substantial matter density because of their inter- 
action, and this then explains the absence of high 
energy photons. However, such ‘‘degraded’’ energy 
cannot disappear but should, at first glance, appear 
in the Universe in the form of thermal energy, pho- 
tonic energy, etc., in quantities no smaller than the’ 
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energy connected with the nucleon rest mass. It is 
known, however, that the density of thermal and 
photonic (i.e., ‘‘symmetric’’) energy in the Uni- 
verse is small in comparison with the density 
(‘nonsymmetric’’) of energy connected with rest 
mass; this is difficult to explain (if the v and v 
density is today comparable with the nucleon den- 
sity). This objection can be eliminated if neutrino- 
electron scattering exists (as predicted, for ex- 
ample, in the Fermi universal weak interactions 
theory ). Then it is possible in electromagnetic 
processes to emit in place of photons vy pairs 
(via a virtual or real e*e™ pair'®!). At very high 
temperatures and densities (and even more so 
under conditions that now interest us) the emis- 
sion of vy pairs becomes the sole effective mech- 
anism for radiation of energy by dense bodies. 8] 


EXISTING INFORMATION ON THE v AND »v 
ENERGY DENSITY 


Let us discuss now the experimental data on 
the v and vy energy density in space. Direct in- 
formation on maximum densities of v and v may 
be obtained from the assumption that in the ex- 
periments of Reines and Cowan™ and Davis,"1% 
performed with the help of a reactor, the effect 
observed with the reactor turned off was due in 
its entirety to neutral leptons from cosmic space. 
In the Reines and Cowan experiment antineutrinos 
of energy 3— 10 Mev could be registered; it fol- 
lows from the experiment that the flux of antineu- 
trinos from cosmic space with energies from 3 
to 10 Mev cannot be significantly in excess of 1 
cm~*sec"! This corresponds to a maximum value 
of the order of 10? Mev/cm? for the energy density 
of 3 to 10 Mev.antineutrinos. 

As far as high energy antineutrinos are con- 
cerned, no information can be deduced from the 
Reines and Cowan experiment, in which by select- 
ing events of the type » + p—n+e* detection of 
v with energies > 10 Mev was made impossible. 

In the experiments of Davis it was shown that 
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c\ (E)s(E)dE <1.1- 10° see™!, 
U 

where p(E) is the density of cosmic neutrinos 
with energy E (including neutrinos from the sun) 
in units of Mev-!cm7~? and o(E) is the cross sec- 
tion for the reaction v + Cl*" ar, Ar?" + e7. Roughly 
speaking, this cross section is proportional to the 
neutrino energy squared in the region from several 
Mev to several tens of Mev. It follows from an 
analysis of the Davis experiment that the energy 
density of cosmic space neutrinos with an energy 
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of a few Mev cannot exceed several tens of Mev 
per cm? About a neutrino whose energy is of the 
order of 1 Bev, which makes it capable of disinte- 
grating the argon nucleus, the Davis experiment 
clearly says nothing. An estimate of the energy 
density of neutrinos with energies up to a 100 Mev 
can be obtained by assuming that the detector in 
the Davis experiment was irradiated by monoener- 
getic neutrinos of energies equal to the maximum 
energy for which nucleon recoil does not prevent 
the formation of Ar®’ (let us say, E ~ 70 Mev). 
Even in this extreme case the maximum (i.e., 
permissible by the experiment) energy density of 
these neutrinos is of the order of a few Mev per 
cm? and significantly exceeds W}2% —the maxi- 
mum hydrogen energy density in the Universe 
(wre* ~ 107? Mev/cm®). 

Let us discuss now the information that could 
be obtained from experiments carried out under- 
ground. At large depths the neutrinos and anti- 
neutrinos from cosmic space will produce charged 
leptons distributed isotropically with an intensity 
independent of the depth. If their energy is sig- 
nificantly in excess of the rest energy of the muon, 
then the v and pv will effectively produce muons. 
The latter should be slowed down and stopped and 
under equilibrium conditions the number of muons 
created and stopped should be equal. It follows 
from measurements"#! at a depth of 6000 g/cm? 
that the number of muons stopped in emulsions, 
reaching the emulsion from the lower hemisphere, 
is ~1078sec-!cm~*. This number can be viewed 
as the maximum possible number of muons pro- 
duced by cosmic neutrinos (since muons entering 
the emulsion from the lower hemisphere could be 
products of the decay of pions emitted from stars 
produced by the penetrating component). From 
here it follows that 

c\ p (E) o (E) dE<10-*sec™"’, 

0 

where o(E) is the neutrino-nucleon cross section. 
For neutrinos and antineutrinos with energies of 
~ 1 Bev the value of o lies between the limits 
10738 — 10739 em?,!!2] so that underground meas- 
urements of slow muon intensity require that the 
energy density of ~ 1 Bev neutrinos and antineu- 
trinos be < 107! Mev/cm?. This number is rather 
near to the magnitude of W74%. 

An even lower limit for the possible energy den- 
sity of 1 Bev neutrinos and antineutrinos is obtained, 
if one takes as the starting point the results of the 
experiments performed!**) with the help of tele- 
scopic counters at a depth of ~ 10° g-cm™*. These 
data, however, are difficult to interpret from our 
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point of view, so that one may only conclude that 
the maximum energy density of v and v with en- 
ergy equal to or larger than 1 Bev cannot be greatly 
in excess of W}y**, and is probably less than wr. 
In any event under the existing conditions of experi- 
mental techniques it is fully realistic to attempt to 
detect neutrino and antineutrino fluxes of the order 
of 10° em~2 sec! and with energies of ~ 1 Bev. 

This problem is considerably less complicated than 
the problem of detecting neutrinos from an acceler- 
ator; the latter problem has been lately widely dis- 
cussed (in particular at the conferences on high 
energy physics at Kiev and Rochester). Such a 

flux would produce inside the Earth between 10 and 

a 100 isotropically distributed charged particles 
(electrons and muons) daily per ton of matter. 

It is necessary to emphasize that for v and p 
energies of the order of or less than m,c* produc- 
tion of muons by neutrinos is impossible; the un- 
derground measurements in no way exclude energy 
densities of v and v larger than Wyy**. 

Experiments on detection of v and py in cosmic 
rays were discussed previously, “! under the as- 
sumption that these particles were produced in 
collisions of ‘‘cosmic-radiation protons’’ with the 
earth’s atmosphere or with interstellar matter. It 
is obvious that in that case the number of neutrinos 
is very small; this can be seen right away from, 
for example, the extremely low intensity of high- 
energy y rays from 7° decay. 


CONCLUSION 


It follows from what has been said above, that 
it is not possible to exclude a priori the possibil- 
ity that the neutrino and antineutrino energy den- 
sity in the Universe is comparable to or larger 
than the average energy density contained in the 
proton rest mass. This should be tested experi- 
mentally. 

In conclusion we note that under conditions of 
very high densities and energies the predominance 
of the ‘“‘symmetric’’ type of energy in the form of 
vy pairs over other symmetric energy forms is a 
rather general property, connected with the scat- 
tering of neutrinos by electrons, and may be of 
interest also apart from its connection with the 
fluctuation hypothesis. In general the mechanism 
responsible for the ‘‘transfer’’ of energy into the 
neutrino component could lead to a substantial den- 
sity of v and » in the Universe. The existence of 
this mechanism will put into doubt estimates of 
matter density in the Universe, based on “‘visible”’ 
forms of matter only. 

It should be emphasized that experimental dis- 
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proving of the hypothesis on the existence of a 
given neutrino and antineutrino energy density 

fp (E) EdE in the Universe becomes more diffi- 
cult with decreasing average energy. Roughly 
speaking, the v and py energy density that can be 
experimentally detected is inversely proportional 
to the square of the energy of the neutral leptons 
for energies larger than a few Mev. At lower en- 
ergies the difficulties in detection are colossal. 
Thus, for example, the hypothesis on the existence 
of » and pv density equal to or larger than wy* 
can be easily tested experimentally (it has, per- 
haps, already been disproved by the existing data 
on underground muon intensity), if the neutrino 
energy is £1 Bev. If, however, the v and pv have 
an energy of ~ 100 Mev then a test of the hypothe- 
sis is realistic but involves considerable difficul- 
ties. For neutrinos with energy of ~1 Mev it is 
difficult to disprove experimentally v and py en- 
ergy densities even many orders of magnitude 
larger than Wyy**.* . 

The most convenient method for measuring 
fluxes of neutral leptons of 1 Bev energy consists 
of detecting the secondary muons produced by the 
neutrinos."4:45] For p and py energies in the re- 
gion between several Mev and several hundreds 
of Mev the Reines-Cowan and Davis experiments 
are fully applicable. Regarding detection of v 
and v with energies <1 Mev it seems to us that 
electron-neutrino scattering provides the sole 
detection possibility. Unfortunately today this 
possibility exists in principle only. 

The authors express their gratitude to A. G. 
Masevich and S. B. Pikelner for valuable discus- 
sions. 


*However, a neutrino density W > H is in contradiction 
with cosmological data.*° 
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The decay K* — 1*+ 7° 


+e*+e is treated without taking final-state interactions into ac- 


count. The distribution of effective masses of the pion-pion system is obtained. In the cal- 
culation, a new approximation technique is applied to calculate the integrals over phase 
space of the bremsstrahlung probability density when two of the four particles are very 


light. 


iy radiative kaon decay, the y quantum can be 
radiated by the kaon or by pions as internal brems- 
strahlung or by a block of heavy particles in the 
decay vertex. We call the radiation emitted by the 
block of heavy particles vertex radiation. As Good!J 
noted, the vertex part of the amplitude plays a rela- 
tively greater role in radiative 0° decay than in 
other radiative decays, since the vertex radiation 
is not forbidden by the AT = +3 rule, while the 
basic Kj, decay is forbidden by this rule. 

In this paper, internal conversion of radiative 
@* decay is calculated. The amplitude is 


M = — imo, (2n)*k-*(8 pogoro)—"? <ite- Nue+>, (1) 


where a is the fine-structure constant; p, q, Ir, 
and k are the four-momenta of the K*, 7*, 7°, 
and the virtual y quantum, respectively; and the 


four-vector N is 


Ny = q. (hpi + (rk) ps + 2G/1(q + &)” — wi) 
4+ 2G/{(p — k)? — M?]] + 1% Lk’p2 — (Gk) 
+ 2G/\(p we k)? ae MM?) + 1&couvGol hp mag: (2) 


Here (1, », and #3 are functions of the invariants, 
G is the K* decay constant, and uw, and M are the 
masses of the 7* and K*, respectively. 

Internal conversion differs from radiative 0* 
decay in that the vertex part of the amplitude de- 
pends not on one unknown function, but on three; 
however, the terms containing yg, and @» give 
much smaller contributions to the amplitude than 
the term containing g3. We assume that the 9j 
are functions of the single invariant s = (r + a) 
In the calculations, we neglect the difference in 
the masses of 7° and 7°. 

After invarient integrations of the probability 
density by Dalitz’s method™! (see also Okun’ and 
Shebalin!*!), the probability density will be a 
function only of 


y = (ro + qo)/M, Ki Nhe Gg) M-2}'2, 


Le 


since the integrations over the light-particle phase 
space, the momentum difference of the a and 1°, 
and the direction of the total momentum of the two 
pions have already been performed. The variables 
x and y vary within the limits 


axgkx<l—2m, 
xy SF(1 + 2) — 2m, a=plm, m =m/M, 


where m is the electron mass. 
The expression for the probability density is 
the sum of several terms: 


(3) 


Here, the conversion of internal bremstrahlung of 
the K* and z* is given by Wpp, the interference 
of the bremstrahlung and the main term of the ver- 
tex radiation is given by W3p, the main term of 
the electric vertex radiation is given by W33, and 
the magnetic radiation is given by Wmag; the 
terms corresponding to interference of the brem- 
strahlung with the smaller terms in the vertex 
radiation are not written, since they turn out to 
be negligible. 

If W33 and Wma 
sponding constants 
out that 


W= Was + W338 ae Wss SE Wmag- 


are related to the corre- 
y3|* and | Pmag |? it turns 


Mmag/ | Prue a W 35 / | Q3 RE aid iX, 


where A is a small correction of the same order 
of magnitude as the terms we have neglected. For 
the probability density of the internal conversion 

of the K* and 7* bremstrahlung, we obtain 


‘ 21G2M m 2m2 \*/2 
Made dy = SEH (14-5) (17g) 
= In (4 +2)/(4—2)] 
x 
w (t— y) 


4a? (y? — n2)'2 (x2 — 4a?)'/* 
~ [4 — y)2a? + (a? — 4a?) (y? — 4*)] (¢ — y) 


x2 (y2 — x2)'/2 (x2 — = 
ae=h dxdy + A,dxdy, 


a 
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where 


bei eee = ey 4, 
2 = (YF — 4)" (xP —40)"x (1 — 9). 


Ie Ga 


(5) 


and A, is a correction of the same order of mag- 


nitude as the terms dropped above. 
For the interference term W3p we obtain 


Wp dx dy 
o? Re (Gq;) M . : 4-tz x2 (x2 — 4a2)'!2 (y2— x2 
> 6 (27)8 4a’x Ing + t—y 
+ x (2a* — x2) Inf +2 aa 
me 2m? : 
«(14 ) (1— dx dy. (6) 
For the pure vertex term W33 we have 
W 23 dx dy 
f wy, 
| Ps aM | ma )( a ) my oltre 2\°/2 
6 (2m)8 (1 pay : i—y 73 (* 4a”) 


x {29 VP — B+ (bP — NV PP — 2 
+ 2w® Vy? — x? / (t — y)} dx dy. 


(7) 


In the calculation of the integrals over y, the 
function In[(1+z)/(1—z)] was expanded ina 
power series; even after this step, elliptic inte- 
grals appear. In order to avoid these, the follow- 
ing approximation was used. It is easy to show that 
if ¢€ > 0 is small enough, and if A and t are finite 
and F(y) is a function without poles, then the re- 


lation 
t—e ; te 
\Dtarll—ra) SBF = | See 
t—e 
+FO{| ey ke 


\ or Iz \ (1-25) "74 
A A 


is correct to any desired accuracy. 


m5 


(8) 


is a very small quantity in comparison with 


any of the other parameters of the system. This 
allows us to use formula (8), after which all the in- 


tegrals over y can be carried out. 


The expressions 


thus obtained are very cumbersome; therefore, we 
do not give the expressions themselves, but just 


their graphs. 
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The figure shows the quantities 


6 (20)? 6 (22)8 Go 
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6(2n)® | Go |2 
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In the figure a3p is multiplied by 20 and ag33 by 
400, which corresponds to a ratio of the square 
moduli of the 6° and 6* decay constants of | G)/G|’ 
= 400. 

The average value of the internal prone 
conversion coefficient is found to be ppp = eee 

The author expresses his gratitude to L. B. Okuml 
for suggesting this problem and to K. A. Ter-Marti- 
rosyan, S. G. Matinyan, and R. M. pete for 
interesting comments. 
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It is shown that the theory of a neutral vector field with nonzero rest mass admits of a 
gauge invariant formulation without the introduction of auxiliary fields. In this theory the 
gauge invariance has a trivial physical meaning: the quanta of zero spin, described by the 
four-vector Aw do not interact with anything. Only the quanta with spin 1 take part in 


interactions. 


1. INTRODUCTION 


Tiere is a widespread belief!!-!") that the the- 
ory of the neutral vector field Ay (x) with nonzero 
rest mass, unlike electrodynamic theory, cannot 
be formulated in a gauge invariant way without the 
introduction of auxiliary fields. This is regarded 
as a serious obstacle to attempts which have been 
made rather frequently in recent times to carry 
through an analogy between the baryon charge and 
the electric charge or between the hyperon charge 
by the introduction of corresponding vector fields 
(Lee and Yang, Sakurai, and others & 9101), 

In the usual formulation of the neutral vector 
field theory one uses the equation (cf., e.g., §1!!21) 


CA, — 027A, /dx,0%) — m?Ay = — ju, (1) 


which is equivalent to the equation 

(i), 7?) Ay = Ie (2) 
with the supplementary condition 
(3) 


Neither Eq. (1), nor Eq. (2) with supplementary con- 
dition (3), is gauge invariant. 

The need for the supplementary condition (3) is 
motivated by the wish to exclude the spin 0 and as- 
sure that the energy is positive definite. 

We note that at the price of introducing, in addi- 
tion to the four-vector Ay x), an auxiliary scalar 
field B(x) Stueckelberg'*! succeeded in construct- 
ing a gauge invariant formalism for the vector field 
with the supplementary condition. 4%!) In such 
a theory, however, the meaning of the gauge invari- 
ance is to a large extent obscured. 

It will be shown below that the theory of a neu- 
tral vector field with nonzero rest mass admits of 
a gauge invariant formulation without the introduc- 


0A, /Ox, = 0. 
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tion of any auxiliary fields. For this we must en- 
tirely renounce the supplementary condition. In the 
theory to be considered A,(x) obeys only the 
gauge-invariant equation (2) (Sec. 2). It turns out 
that only the part of A,(x) with the spin 0 is sub- 
ject to the gauge transformation. Here the phys- 
ical meaning of the gauge invariance is that the 
vector-field quanta with spin 0 have no interaction 
with other fields or with each other (Sec. 3). There- 
fore the use of a supplementary condition to exclude 
the spin 0 is superfluous. It is also not needed to 
assure positive definiteness of the energy (Sec. 3). 
This theory is completely equivalent to the usual 
theory of the neutral vector field with nonzero 
mass based on Eq. (1) or on Eqs. (2) and (3) (Sec. 4). 
It can be said that in the present case the gauge 
invariance plays the part that is usually played by 
supplementary conditions in the theory of higher 
spins. Unlike the usual supplementary conditions 
it does not exclude the quanta of the undesired 
spin, but only ‘‘renders them harmless.’’ 


2. BASIC EQUATIONS 


As is common practice (cf., e.g.,'4!) we take 
the Lagrangian density which describes the neutral 
vector field A, in interaction with a spinor field* 
y in the form 
4 OA,OA, 


As 2 0x, Ox, 


2 : Ae a é 
5 A, Ap | WwAy od p (Te az 4. M ap 
(4) 


The Lagrangian and the equations of motion that 
follow from it, 


jo = ig yYprp- 


*In analogous ways one can write the interaction for cases 
involving several fields, and also for couplings of the type of 
an anomalous magnetic moment. 
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(a aa m?) Ay a les (5) 
(y,0/ Ox, + M)p= igy, PAs, (6) 


and also the equal-time (xX) = yp) commutation re- 
lations, which are analogous to those for electrody- 
namics, * 


,w(y)} =0, = (p (x), H(y)} = yd (K — y), 


[AG A=, [4n0), FW) | =an8 ey). 
Hw), A@I=0 [ya @]=o 
are invariant? under the gauge transformations 
(x) = exp Lig (2)) (2), (8) 
A,, (x) = Ap (4) + 0A (x) / 0x, (9) 
with arbitrary A(x) satisfying the equation 
a, (C— me) A Eh (10) 


Gauge invariance thus exists for m # 0 in just the 
same way as in the case in which one sets m = 0 
in Eqs. (4), (5), and (10) (quantum electrodynamics ). 
We note that unlike the treatment in ®""9], where 
the function A(x) was assumed completely arbi- 
trary, in the transformations (8) and (9) considered 
here A(x) is restricted by the condition (10). This 
same restriction also holds in quantum electrody- 
namics, unlike the classical theory. 
From the gauge invariance of the Lagrangian 
or of the equations there follows the conservation 
law: 


(11) 


This equation must hold for any A(x) that satis- 
fies Eq. (10). In particular, for A = const we get 


O]n/ OF, == 0 (12) 
the conservation law for the current. 

Differentiating Eq. (5) and taking Eq. (12) into 
account, we get the equation 


(C] — m*) 0A, /ox, = 0, (13) 


which we shall need soon. 


*The equal-time commutations can be taken in this form, 
since no supplementary condition is imposed on the field 
operators Ay. 

tThe Lagrangian density (4) is invariant apart from a di- 
vergence, which of course affects no results (cf. Appendix 1). 

tFor a derivation of this conservation law and a discussion 
of the associated operator transforming the state vectors see 
Appendix 1. 
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3. THE ABSENCE OF INTERACTIONS WITH THE 
QUANTA OF SPIN 0 


One uses a four-vector A, (x) with a view to 
the description of particles of spin 1. Within the 
framework of the homogeneous Lorentz group 
there are no quantities that describe only particles 
of spin 1. In accordance with this, along with 
quanta of spin 1, A, (x) also describes quanta of 
spin 0. Namely, A, can be divided into two parts: 


4. 6 OAS g OA, 


fi 
Tm Ox, Gee (14) 


A, = (A. m Ox, OX, 
where the first part describes quanta of spin 1 and 
the second quanta of zero spin. One can verify this 
by applying the invariant operator of the square of 


the spin™3-1® for the field Ay(x) (cf. Appendix 2): 
(T?),, = 2 (Ow) — Onde) (15) 


which has the eigenvalues s(s+1)Q0 for spin s. 
Namely, using Eq. (13), we can easily verify that 


Ann) fs » (16) 


= 
m Ox, OX, J 


roo 


4:0 joy =2F 


(ee (As pe ae, ag) = 2 (Ae 


yg Aye 


2 —_—_—_ —— 
(Pps POX ;Oky 


(17) 


Naturally these same quanta of zero spin are also 
described by the scalar 0A,,/0x,, itself. 

It must be emphasized that under the condition 
(1) the gauge transformation (9) changes only the 
part of Ay, with the spin 0: 


1 Oe OA yy el Oey 
m2? Ox, Ox, m2 Ox, Ox, 


OA 
Ox, : 


(18) 


while the part with the spin 1 remains unchanged: 


1 9 OA, { 


Py wd ~ - oo 
m? Ox i Ox, 


a OA, 
HY OX, Ox, 


(19) 
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If we want to consider only the quanta with the 
spin 1, then it would seem to be necessary to take 
steps to exclude the quanta with zero spin. Our 
assertion is that in the case of vector quanta of 
nonzero rest mass no special steps of this sort 
(for example, imposition of a supplementary con- 
dition) are needed. It already follows from the 
gauge invariant field equations (5) and (6) them- 
selves that the quanta with spin 0 do not interact 
with other fields nor with each other: the part of 
A,, that describes them obeys the free-particle 
equation 


(20) 


[a trivial consequence of Eq. (13)]. Consequently, 
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the equation with interaction, Eq. (5), is obeyed by 
just the part of Ay with spin 1: 
aA, 
(= m) ( 4.— — ) = jy. 


2 
m Ox, Ox, 


(21) 


Thus the quanta with spin 0 do not affect the phys- 
ics; if any set of such quanta is present in the ini- 
tial state, precisely this same set is present in the 
final state. Otherwise the matrix element of the S 
matrix is equal to zero. 

This assertion can be formulated in the lan- 
guage of conservation laws. From the free-particle 
equation (13) there follow conservation laws for the 
total four-vector momentum Pi{) and angular mo- 
mentum Mip of the scalar field mr MOA / dXy, and 
moreover, of the number of quanta with each value 
of the momentum. Thus the S matrix is diagonal 
in the quantum numbers of the quanta with spin 0. 

The imposition of a supplementary condition of 
the form 


OA), (Ox n=O 


(i) 2-0 


for the exclusion of the spin 0 is superfluous, since 
it affects only the part of A,,(x) that describes the 
free quanta of spin 0, which do not interact with 
anything. 

As still another, and sometimes the main, argu- 
ment!;2] in favor of the necessity of imposing the 
condition (22), the point has been made that other- 
wise the operator Py for the total energy is not 
positive-definite. But the energy operator P{” 
of the always free quanta of spin zero is conserved. 
Therefore as the physical energy operator we may 
take the operatorT 


(22) 
or* 


(23) 


(24) 


phys (0) 
ee = Po o- 


This operator is conserved and gauge invariant, 
and its spectrum is positive definite. Also it is 
really permissible not to make this subtraction. 
Then the energy would be reckoned not from zero, 
but from some gauge-dependent negative level. 
Thus also from this point of view there is no ne- 
cessity of the supplementary condition (22). 


4. EQUIVALENCE TO THE USUAL THEORY WITH 
THE SUPPLEMENTARY CONDITION 


Although the scalar field m7! dA,,/0x,, has turned 
out to be free, it has not yet been eliminated from 


*In the theory under consideration this condition fixes the 
gauge and means that in the physical states ® there are no 
quanta with spin 0. 

+For the concrete form of the operator PPhYS for a free 
field A, see Appendix 3. 


UST 


the Dirac equation (6). Let us now break up the 
operator ~(x) into factors depending on the gauge 
and independent of the gauge: 


p (x) = exp [ie aes ae 3 9 (*), 


p(x) =exp | —ig maa =| (x), (25) 
where g is the part of ~ that does not depend on 
the gauge.* In the variables g and apart from a 
four-dimensional divergence the Lagrangian den- 
sity (4) can be rewritten in the form 


PS et pana) mar aayee foo 4 OA 
ES 4 FuvP uy ay Oe alia chee Ae m Ox, a 
4 0A,\? 
(maz, | 
eee AD 4 AM@) — CPEs T, 
+= pr, (PAs + Ave) —@(%5- +M) 9, (26) 
2 B ¥ Ox, : 
where 
aAM = ga) 4 9 OA 
(1) See p. (aoe Ss ¥ 
Fuy = Ox, Or, et Ay’ = Ay max, Ox, ” (27) 


This Lagrangian corresponds to the usual theory 
of the interaction of a spinor field g and a vector 
field AND with the supplementary condition!! 


dA / dx, = 0 (28) 


and, in addition, describes a free scalar field 
m7! 8A, /8Xy, which now does not appear in the 
Dirac equation. 

The commutation relations for the fields 
and Afp are the same as in the usual theory with 
the eicalltwentans: condition.t At the same time 
the interacting fields g and Ap commute with the 
scalar field m~!9A,/dx, and with all of its deriv- 
atives. Consequently, the scalar field m7! Ay / 
xy is completely dynamically independent. Thus 
the theory under discussion is entirely equivalent 
to the usual theory of the neutral vector field with 
the supplementary condition. The equivalence of 
the two theories can also be established by a dif- 
ferent method, by means of the unitary transfor- 
mation of Dyson, "1% 1" which also “‘turns off’’ the 
vector interaction of the scalar field. 


5. CONCLUDING REMARKS 


Let us make one remark about the mass re- 
normalization. A gauge transformation affects 


*Apart from a constant phase factor, under the transforma- 
tions (8)—(10) we have 


ig ig 
g’ = exp & me (( — m?) | @ = exp 2 ripe const | p. 


tThese relations can be obtained from the commutation 
relations (7) and the equations of motion (5) and (6). 


eee 
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only the part of A, that describes the quanta of 
spin zero. Consequently, it is only for these 
quanta that we can expect that the mass will not 
have to be renormalized. And indeed this is so, 
because they do not interact with anything. As for 
the quanta with spin 1, their mass is naturally re- 
normalized in the process of the interaction. The 
equation (5), with the mass renormalization of the 
quanta of spin 1 taken into account, can be written, 
for example, in the form 

(Q—m)A, = — jn — 5m ( 4, — LoS). (29) 

Finally we point out that in this theory of a vec- 
tor field A, with nonzero mass the Green’s func- 
tions obey the same laws of gauge transformation 
as in electrodynamics. {19 28] These laws connect 
averages over the same state of products of oper- 
ators in two different gauges. This state is the 
vacuum in both gauges for the quanta with spin 1, 
but contains no quanta with spin 0 from the point 
of view of only one gauge (Appendix 1). The Ward 
identity follows from these laws, as in electrody- 
namics. 

The writers heartily thank M. A. Markov and 
B. N. Valuev for general remarks, and A. A. Lo- 
gunov and M. I. Shirokov for a discussion of the 
question of the operator for the square of the spin. 
We are especially grateful to L. G. Zastavenko, 
Ya. A. Smorodinskii, and Chou Kuang-Chao for 
stimulating discussions of a number of points in 
this work. 


APPENDIX 1 


THE CONSERVATION LAW THAT FOLLOWS 
FROM GAUGE INVARIANCE 


After a gauge transformation (8) and (9), with 
Eq. (10) taken into account, the Lagrangian den- 
sity (4) differs from its original value by a diverg- 
ence. For an infinitesimal transformation we have 


oA 
YOx,0x, | * 


Calculating the variation of L(x) in the usual way, 
using the Euler equations, we arrive at the conser- 
vation law (11), which can also be written in the 
equivalent form 


F f) a) 
Fa EEL WaT 
Ox, (ar Ox, 


0 
S47 Kn 0. 


p- 


ninco ~ a (4 (1.1) 


dA, 0A 
Pera On, myn | 


(1.2) 


In Eq. (11) one can substitute any function A(x), 
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limited only by Eq. (10), and therefore Eq. (11) 
represents a continuum of conservation laws, cor- 
responding to the continuum of the parameters of 
the gauge group. It is easy to verify that Eq. (11) 
is equivalent to Eq. (5). 

We can now write the gauge transformation of 
the eigenvectors, without changing the eigenvalues, 
and of the field operators, in the form 


W’ = exp ({dxK,)¥ =UY, ap’'(x) = Uryp(x)U4, 

A, (x) = UA, (x)U (1.3) 
[the last two relations are a different way of writ- 
ing Eqs. (8) and (9)]. 

From the points of view of different gauges the 
same state has different sets of the noninteracting 
gauge of spin 0. For example, let us define the 
vacuum in two different gauges by the relations 


ap. Vo =9, atp,¥, =9, (1.4) 


where a*p,, are operators for annihilation of quanta 


of spin 0, corresponding to dAy if OXy (see Appendix 
3). If iaypy, A and —iaypy, X* are the amplitudes 
of the positive and negative frequency parts of the 
three-dimensional Fourier expansions of dAy/dxy 
and A(x), which hold by Eq. (13) and for the spe- 
cial case of a A(x) which satisfies the same equa- 
tion, then 


W, = UWo = exp (—i\ dp la,p,i* (p) + azp,) (p)1}%o 


= exp {— | dpa (p) a* (p) — i | dat (p) pau} ¥o. 


(L.5) 


The last expression gives the expansion of the vac- 


uum of the new gauge, W, in terms of the states of 


the old gauge, which are produced by the creation 
operators pyay from the old vacuum Wp. 

Thus the vacuum from the point of view of one 
gauge is not the vacuum from the point of view of 
another gauge. This is understandable, since the 
conditions (1.4), and also the more general condi- 
tion (23), are not gauge invariant, since they are 
conditions that establish and fix a gauge. 


APPENDIX 2 


THE OPERATOR FOR THE SQUARE OF THE 
SPIN FOR THE FIELD A,,(x) 


The general definition of the operator for the 
square of the spin (one of the invariants of the in- 
homogeneous Lorentz group) for arbitrary many- 
component functions transforming according to 
representations of the inhomogeneous Lorentz 
group has been given and discussed in a number 
of papers.8-161 This definition is 4 


ee 1 
i ae aie pS 3 MeoMoo —- MIM oP Ps» 


(2.1) 


—- 
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A es ay 0 G) 
Px = Fox, Meo = i Gera “oa | Sea (2.2) 


are the infinitesimal operators of displacements 
and four-dimensional rotations for the given func- 
tion. The matrices Spg are the infinitesimal op- 
erators for rotations of the components of the 
function. 

Since for a vector function Aul x) 


ay Bi ashy) £05.09 fie OopOnu)s (2.3) 


substitution of Eqs. (2.2) and (2.3) in Eq. (2.1) at 
once gives the expression (15). 

The law of transformation of the vector function 
Ay(x), and thus also the infinitesimal operators 
py, and mpo and the operator (2.1) or (15) for the 
square of the spin constructed from them, do not 
depend on whether Ay (x) is subjected to any 
equations or not. Whereas, however, in the case 
of equations without interaction A, can be divided 
into independent parts with spins 0 and 1, in the 
case of an interaction this might not be so. 

In our case, as we have seen (Sec. 3), even in 
the presence of the interaction A,(x) breaks up 
into dynamically independent parts with spins 0 
and 1. 


APPENDIX 3 


THE NORMAL PRODUCT OF OPERATORS OF 
THE VECTOR FIELD AND THE DEFINITION 
OF THE PHYSICAL ENERGY OPERATOR IN 
THE FREE CASE 


In the free case it is convenient to define all 
operators in the form of normal products, i.e., 
so that all creation operators shall stand to the 
left of the annihilation operators. 

For example, it is in this sense that we would 
like to understand the operator for the four- 
momentum 


(po = V p® + m*), (3.1) 


1 \ dp DP, 2 Qj Ay : 
as we indicate by the colons. 
The operators a, and aj obey the commutation 
relations 


[a,, (pr), a* (p2)] = 6.5 (p1 — pe). (3.2) 


It is clear from these relations that the annihila- 
tion operators are ay and ag, and the creation 
operators are a;, and ay. But writing the normal 
product in Eq. (3.1) in the form 


(3.3) 


+ + + 
!QyQy : = An@m — ayQo 
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is not permissible, because of its lack of covari- 
ance. We can give a covariant definition if we 
break up the operators ay and ai, into parts with 
the spins 0 and 1: 


Annihilation operators Creation operators 


SLPS ie oe Oy, +? AypyPy a, + may pyDp 
pe — may PyPy — m*a,prPp 
(here p” =—m 7’). One can establish the spins of 


these parts by means of the invariant operator for 
the square of the spin, Eq. (15) (cf. Appendix 2), 
written in the momentum representation. Their 
meanings as annihilation and creation operators 
follow from Eq. (3.2). 

The ways of writing normal products are not, 
for example, 


‘(at + “F pn) (a + 2 ps): =:(a + 2 p.)(at +2 p,): 


at a \ 
= (at + Ge Pa) (% + FP») (3.4) 
atpuC sean, SOP amp) ho ap a wep 3 
Se Pu ya Pv = 2 Pv ae Pu = GaPy ge Pu (3.5) 


In mixed products with s = 1 and s = 0 the order 
is immaterial because of the commutation. 

The normal product in Eq. (3.1) can now be 
expanded as 


P, = \ app. {lava + | — Aer (3.6) 


m2 

The first term in the curly brackets is the positive 
definite operator for the number of quanta of spin 1, 
and the second is the negative definite operator for 
the number of quanta of spin 0. Accordingly the 
energy of the quanta of spin 1 is positive definite, 
and that of the quanta of spin 0 is negative definite. 

If we subtract from Py the energy-momentum 
four-vector of the quanta of spin 0, we get the en- 
ergy momentum operator of the quanta of spin 1 
(the physical quanta), which in the free case is 
invariant under gauge transformations (ay ay 
+ iA (Pp) py) 


Perry (dp pula, ay + (a*p) (ap)/m?| 


and has the energy positive definite. 


(3.7) 
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Convergence of the expansions of the cosine dependence of the amplitude, employed in the 
deduction of the integral equations from the Mandelstam representation, is investigated in 
the case of mz scattering. A system of equations for low energies in presented, in which 
rapid convergence of the expansion of the real part of the amplitude can be attained by a . 
conformal mapping of the cosine plane. Since any power of the function employed contains 
an infinite number of partial waves, this approach should be especially convenient in cases 


when high number waves may be important. 
1. QUESTIONS OF CONVERGENCE 


Many authors have recently investigated the 
derivation of a system of equations for elastic 
pion-pion scattering.{!-3] A general feature of 
these investigations is that the singularities of 
the scattering amplitude are determined by means 
of the Mandelstam two-dimensional integral rep- 
resentation, *-® which discloses explicitly the 
analytic properties of the amplitude and leads to 
various one-dimensional dispersion relations. 

Chew and Mandelstam") obtained dispersion 
relations for the partial waves. The imaginary 
part of the amplitude in the nonphysical region is 
obtained by analytic continuation from the physical 
region of the crossing reactions by expansion in 
Legendre polynomials. 

However, this continuation leads to principal 
difficulties'!»*»"] because the Legendre series does 
not converge in the region of the spectral functions 
and because, furthermore, it converges very slowly 
in a sufficiently large region near the boundary of 
the spectral function, so that high-order waves 
cannot be neglected. 

Hsien, Ho, and Zoellner!) have proposed a dif- 
ferent approach, getting around these difficulties. 
They use dispersion relations for the forward (or 
backward) scattering only. The path of integration 


does not cross the regions of the spectral functions. 


The path of the left-hand integral coincides with 
the boundary of the physical region of the second 


*Physics Institute, Czechoslovak Academy of Sciences, 
Prague. 
tInstitute of Atomic Physics, Bucharest. 


(or third) reactions, so that no analytic continua- 
tion is necessary. Only integrals over the posi- 
tive energies at cos*@ =1 remain after the cross- 
ing transformation. 

To obtain expressions for the partial amplitudes, 
Hsien et al use, along with the dispersion relation 
for A, also its derivative* with respect to t (see 
also '81). If the isotopic spin I is 0 or 2, only even 
waves are present: 


55 : ‘ 
0,2 4 Qo” A0,2 
A; = > nt le moe 9)" Cin 


n=0 cos? 0=1 


(1) 


(1 even), 


where 
j 


Cin = \ (cos? 6 2=1)".P,(cos8).d cos 6, 
0 
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Only the S wave is taken into account in [3] and 
the first two terms are retained on the right side 
of expansion (1). These expressions are substi- 
tuted into the unitarity condition only in the given 
approximation. Analogously, only the P wave is 
taken into account in the case of odd l. 

The series (1) converges not only for all ener- 
gies v < 3, where scattering only is possible, but 
also up to v = 4.8. Naturally, the rate of converg- 
ence of the series depends in this case on the dis- 
tance between the nearest singularity and the point 
cos?@ = 1. This can be seen from the fact that uni- 
tarity necessitates knowledge of the amplitude in 


*t =—2v(1—cos 9) is the square of the momentum trans- 
fer, and s = 4 (v + 1) is the square of the total energy; both 
are given in units of py” in the c.m.s. of the first reaction. 
We also use the symbol v = q?/p’." 
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the entire physical region 0 = cos*@ <1. Since 
we continue the amplitude into the entire physical 
region using its values at the point cos?@ =1 

only, the amplitude A can be represented only in 
the form of a series in powers of cos? @—1, which 
has its own radius of convergence. With increas- 
ing v, the radius decreases and the convergence be- 
comes worse;"! starting with vyax = 4.8, the 
series in the right half of (1) diverges. From this 
point of view, we can say that the accuracy of the 
approximation made in (31 is small in the region 
Pi> Vinax / 2: 

The system of integral equations for the am- 
plitude of the mz scattering proposed in the pres- 
ent article differs from the system of Hsien et 
al®] in two main points. First, to obtain a better 
approximation of the amplitude we use not the ex- 
pansion in powers of cos*@—1, but the expansion 


A®:2(v, cos? 8) = 


CO cost =) Us 
Here w(cos*6@) is chosen to make the expansion 
converge as fast as possible. In other words, the 
function w (cos*@) is a conformal mapping (see 
(91) of the complex plane cos?@, with the aid of 
which vmax can be shifted as far as desired to- 
wards higher energies. We can therefore conclude 
that our equations take into account the region v 
> 2 more accurately, because the corresponding 
expression for the partial wave 


re) l 
Ar? = Stes) \ w” (cos* #) P; (cos 6) d cos 6 (2) 
a= ~ /w=0 0 

(Z even) converges for all energies. This may 
prove important in the case when the expected 
resonance occurs at v > 2. 

Second, our expansion in powers of w (cos?@), 
contains an infinite number of waves even in the 
first approximation, so that the contributions from 
the higher waves can be estimated. In order not 
to lose this advantage, we use everywhere expan- 
sion in powers of w only; the unitarity condition, 
in particular, is also expanded in w®, since a 
transition to partial waves would lead to the prob- 
lem of rearrangement of two infinite series, and 
thereby to loss of accuracy. 

As shown earlier! the series in w® converges 
most rapidly when w(cos?@) maps the cut cos?6 
plane on a unit circle. The cuts themselves are 
mapped on the boundary of this circle. Conse- 
quently, the expansion in powers of w converges 
in all the cut plane cos’6@, particularly in the 
physical region 0 =< cos?@ <1. This optimal 
value of w is 
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cos? 6) /(1 — cos? 8), (3) 
where T(v) is the cosine of the nearest singularity. 
Since the function wy is rather complicated, we 
sometimes use for preliminary estimates and cal- 
culations that do not influence the final result the 
simpler function 
wp (cos? 0, v) = (1 — cos? 6)/(a? — cos? 8), 


oe =. 977,—=.1. (an 


wy (cos? 0, v) = 


SEAT pbs 


which maps the left half plane Re (cos?@) < rT? on 
the unit circle. 


2. UNITARITY CONDITION 


As can be seen from (3) and (3’), the functions 
WM and wp contain contributions from all the par- 
tial waves. We therefore write the unitarity con- 
ditions not for the partial waves, but directly for 
the amplitude A(v, cos@): 


Im A (v, cos 6) 
on 4-1 


i ( 
= aV ral \ A* (v, cos 61) A (v, cos 62) d cos se 
DiereaL 


cos 62 = cos 0 cos 01 — sin @ sin 81 cos @. 


The amplitude A(v, cos@) is expanded in pow- 
ers of w: 


A®? (v, cos 6) = AS? (vy + Al*(v) w@ + AQ” (v) @* ae 


A? (v, cos 0) = cos 0 (Ab (v) + Al (v)w +A} (vy) w 4+ .. ). 

(5) 
Differentiating (4) with respect to t = —2v(1—cos@) 
and putting t = 0, we obtain* 


Im A! (v,cos0=1) = LVS) AN() AL) Kun (¥) 
m,n=0 


co 


‘o Im aH hgh ye: he Oe i" i (2) 
| Of UN jeg ae eyey v+i erie Am (Vv) An (Vv) Kmyn a 
where 
, ae 
mn = —2__\ \ wt (cos 0,)w" (cos 0) d cos Ade | 
0 cos 0’ 5 io aig slp 

— » o> 
L(t) oy m n 
oid i= 5 ene \ cos 6, (cos 0;) cos 0ow 

for * 7 = (7) 


(cos 9) d cos 6, dp les hess 


*The dispersion integrals are written for t = const, and 
not for cos 6 = const. When t = 0 both formulations are equiv- 
alent, but the condition t = const is convenient because dif- 
ferentiation of the dispersion integrals with respect to t cor- 
responds to differentiation with respect to @ with a single sub- 
traction. 


INTEGRAL EQUATIONS FOR r7-SCATTERING 


In the present article we take into account in (6) 
only i=0 and 1. Since wy is a rather compli- 
cated function, it is advantageous to evaluate the 
integrals A: defined by (7), with the aid of 
electronic computers. In the cases when explicit 
closed expressions are necessary for the integrals 


een we must forego the optimum wy and substi- 


tute wp into (7). We then obtain for I= 0 or 2: 
Kiy == 4a, 
Ki) = Ki, == 40 — 2na-! (a? — 1) In [(a + 1)/(a — 1], 
Ki os ona? (Coe =n =e (OUT ok) 

x (o? — 1) In [(@ + 1)/K(a — 1)]; 
Ry = Ku = 0, 


ue 1 See yh 
Ky, <= = na-* Gat — 2a? -: 3) 


Le : ma-* (a2 -!. 1) (a? — 1)? In f[@+1)/(a—1)] = (8a) 
and for [=1 
Koi aT An/3, 


Ke Kay = ats 3 -| 4n to? — 1) 
Jue — 1) ain {(e + 1)/( — DI, 
Aa, =: 4/3 -) 100 (a? — 1) 
-— na-* (o? — 1) (5a? — 1) In{(@-+ 1)/@— 1)); 
Kosa Koo’ tees ose Kon, 
Ki, = Qn -- Lna-? (a? — 1) (150? +4. 1) 
— + xa-% (a? — 1) (150* + 1) In [(@ + 1)/a — 1)). (8b) 


38. INTEGRAL EQUATIONS 


We start from the dispersion relations for con- 
stant t: 


co 
Av, = 2) Sim alt) 
ae ae 
S v’ eye 
+35 ans = \ aim a’, 4), (9) 


where ajj/2 denotes the matrix of the crossing 
transformation in isotopic space: 


lg —2 1s 
ait -(- Biya fhe le | 
I, ts 
@3 is connected with ayy of ‘ by the relations 
ary =(-1 Jars. 

Restricting ourselves to two terms in the ex- 
pansion (5), we must differentiate (9) with respect 
to t and set t= 0. Using (6), we obtain integral 
equations (without subtraction) for Al(v) and 
Ay(v): 


(10) 
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(11b) 


The factor (aw/d cos @)|eog g=1 is equal to 
—1/2(7?-1) when w = wy, and to SA teat) 
when w = wP. 

As shown in Sec. 2, the subtraction has already 
been carried out in (11b). It is therefore sufficient 
to subtract only in (11a). Unlike ™ and, © where 
the subtraction is made at the points s=8=t= 7; 
and t=0, s=Ss=2, respectively, we choose for 
the subtraction point the threshold of the first re- 
action s=4, s=t=0. 

We introduce the following notation 

Avy 20, t= Oy = a’, 
Asie 001, a0 cet (Al (v= 027 0) =) 


Both scattering lengths a° and a? are related by 
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myn ) m,n=-0 
After subtraction, (1la) becomes 
1 4 “ dy 1 Pal yd 
Vey | ee yw ‘ ’ - 
Ao (\) =a ' ha \ vo a (v1 Th y Am AnKimn 
0 m,n-=0 
2 - + Vv 1 
ae Va ny’ iN LOND pr 
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Bae Nel te eat We fay? blk 4) 
T=0 0 m.n==0 (11a’) 


4. ESTIMATE OF ACCURACY OF THE UNITAR- 
ITY CONDITION 


The rate of convergence of the expansion de- 
pends on the position of the nearest singularity of 
the amplitude A, i.e., on the distance from the line 
t = 4, which is the first of the lines t = const inter- 
secting (asymptotically) the regions of the spec- 
tral functions Aj; and A 3. (In the complex-cosine 
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plane this corresponds to a cut beginning with T,, 
=1+2/v.) However, according to the main prem- 
ises of the theory we can expect the influence of 
the far regions of the spectral functions to be neg- 
ligibly small at low energies. We can therefore 
assume for estimating purposes that the cut in t 
begins with the line t = 44/7, which crosses the 
boundary s = 16t/(t—4) of the spectral function 
at the point v = 10 (s = 44). In the cosine plane, 
this corresponds to a branch point at Ty) = 1 

+ 22/Tv. 

We give below estimates made at the threshold 
of the first inelastic process, i.e., v = 3, where 
To and Ty are respectively equal to %; and 2.047. 
To estimate the upper limit of the errors, we 
choose as the ‘‘amplitude’’ the function 


Al = (t + cos 9) + (—1)! (4 — cos 6) 4, 


the singularities of which are concentrated in the 
very start of the former cut. For a comparison 

of the convergence of the series in powers of w 
and cos?@-1 we refer the reader to Table 1 of ©%. 
where several partial waves are calculated for I 

= 0 and 2 in both approximations. 

The errors in the unitarity conditions are caused 
by the fact that we restrict ourselves to the constant 
linear terms in the expansion of the amplitude in 
w'. For w we choose wp [see (3’)] with tT = 2.047. 
Accordingly, the integrals Kn are determined by 
the formulas (8). 

In the case Of even isotopic spin I, the errors in 
oe 
compared with their exact expressions (summation 
from 0 to ©), are respectively —4.08 and +33.2 
percent. Although the second of these errors seems 
large, the total error in (11) is small. This is 
brought about by the fact that (11b) contains along 
with rADalkl also terms with zAlalxl 
which are of much greater order of magnitude 
(when I= 0or 2). Therefore the error due to the 
derivative is only 0.67 percent. 

In the case when I= 1, both terms are of the 
same order of magnitude, but the errors of both 
are very small (—1.74 and — 1.046 percent, re- 
spectively ). 


the function ; AMalkl | and of its derivative, 


5. CONCLUSION 


The analyticity assumptions implied in the 
Mandelstam representation, together with the uni- 
tarity property of the S matrix, serve as a basis 
for.derivation of integral equations for A. 
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Naturally, such equations cannot be solved with- 
out making certain approximations such as the two- 
particle approximation in the unitarity condition, 
or the account of only several terms of the expan- 
sion of the amplitude in powers of the scattering- 
angle cosine. 

The Mandelstam representation is frequently 
used to obtain dispersion relations in one variable 
only (for example, the energy), and these are sim- 
pler in form than the two-dimensional relations. 
The dependence of A on another variable (the mo- 
mentum transfer or the cosine) is represented in 
series form. A series in Legendre polynomials 
can be used in principle, but it diverges in a large 
part of the nonphysical region. This circumstance 
was taken into account in '!, but the approach pro- 
posed there calls for knowledge of one or several 
derivatives (9®A/d cos 6") for cos @=+1, in 
terms of which the partial waves are expressed. 

In other words, it is necessary to use in addition 
to the Legendre series the Taylor series, which 
in turn has its own convergence region. 

In the present article we have, in accordance 
with §], also expanded the dependence of A on the 
cosine in the vicinity of cos 6 =+1, but in powers 
of a definite function which has singularities pre- 
cisely where A has them. This causes, first, the 
amplitude to be expanded in a power series that 
converges in the most rapid manner (see "¥1, Ap- 
pendix 1). The errors due to the inclusion of the 
first two terms only, estimated in Sec. 4, confirm 
this result. Second, we have attained, albeit partly, 
symmetry in the analysis of the energy and of the 
momentum transfer. 

We are grateful to Prof. Chu Hun-Yuang for 
continuous interest in the work and for valuable 
remarks. We are also indebted to all the partici- 
pants of the Seminar given by Academician N. N. 
Bogolyubov for useful discussions. 


Note added in proof (June 16, 1961): Wolf and Zoellner 
advised us that they obtain good agreement with experiments 
on t decay, choosing a° = 0.3 and a?=0.2. Their article will 
be published in JETP. 
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Disintegration of a magnetohydrodynamic shock wave with a small density discontinuity is 
investigated. The initial shock wave is a compression wave for which all boundary condi- 
tions are satisfied and the entropy increases. If the initial shock wave is evolutional, it 
cannot disintegrate. A non-evolutional shock wave can disintegrate into six magnetohydro- 
dynamical waves (shock or self-similar waves, depending on the magnitude and direction 


of the initial magnetic field). 


te In magnetohydrodynamics, satisfaction of the 
boundary conditions on the discontinuity surface 
and an increase in the entropy are not sufficient 
to ensure existence of a shock wave. It is neces- 
sary also that the evolutionarity conditions be sat- 
isfied,“!»4 namely that the number of outgoing 
waves be equal to the number of independent 
boundary conditions on the discontinuity surface. 
In the opposite case, the problem of small pertur- 
bations of the shock wave has no solution, indicat- 
ing that the initial shock wave disintegrates into 
several shock and self-similar waves. 

The non-evolutionarity regions apparently coin- 
cide with the regions where the initial shock wave 
can disintegrate. A direct proof of this theorem 
was given only for the particular case when the 
velocity of the shock wave is close to the Alfven 
velocity, and the magnetic field on both sides of 
the shock wave makes a small angle with the nor- 
mal to the discontinuity surface. 

In the present paper we prove this theorem for 
another particular case, that of a shock wave with 
a small density jump. Such a shock wave will be 
evolutionary if the jumps of all the magnetohydro- 
dynamic quantities are small, or non-evolutionary 
if it is close to a 180° Alfven discontinuity (these 
waves were investigated in detail by Bazer and 
Ericson"), 

2. We consider first the possibility of disinte- 
gration of an evolutionary shock wave in which the 
jumps of all the magnetohydrodynamic quantities 
are small. 

In this case we can use the results obtained by 
Lyubarskii and Polovin,"! who determined the am- 
plitudes of the waves produced as a result of dis- 
integration of a small discontinuity: * 


*An error has crept into this formula in the papers of 
Polovin and Lyubarskii.?* 


1 { U2 c®[Ap— (0/0), As] AH? 
(4 = S 7] ae p pi 
ae ar = ORI” U2 2 ar a 
2 Bten 
pales Paet |}. a 
Uscdowties “po Uantay 
Here ibe 
UsH/V4m, Uz, =|(U2+ C+ R)/2|*, 


R= 0? ae aoe 


Ap, As, Av, and AHy are the jumps in the density, 
entropy, velocity, and transverse magnetic field on 
the initial discontinuity; c is the velocity of sound; 
the upper symbol in the + sign pertains to the 
rapid magnetoacoustic wave, while the lower one 
pertains to the slow wave; € = +1 for waves prop- 
agating in the direction of positive x relative to 
the medium, while € = —1 pertains to waves prop- 
agating in the opposite direction; the x axis is di- 
rected along the normal to the discontinuity. A 
shock wave corresponds to A{©p > 0, while a self- 
similar wave corresponds to A§©’p < 0. 

If the initial discontinuity is a shock wave of 
low intensity, then the jumps in the magnetohydro- 
dynamic quantities are related by the following 
equations 


— 2H HU. j/4me (Uz, = 
Api = cr, 


Av, / Apu) ok aes Av, Ao 
AH,/Ap = U'.H,/p (U's. — U5), (2) 
Assuming, for the sake of being definite, that the 
initial discontinuity moved in the direction of nega- 
tive x (€« = —1) and substituting (2) into (1), we ob- 
tain 
AD p = Kom AD p = Al p = AD a =0. 
This means that an evolutionary shock wave of 
low intensity cannot disintegrate. 
3. We now proceed to investigate the disintegra- 
tion of a non-evolutionary shock wave with small 
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density jump. The jumps in the magnetohydrody- 
namic quantities in such a wave are related by 
AO. Ap (y— NU7,;Ao. 


1 ety Nut, \o 

2U2 ee 
Bn es) u 

XG uf | a ay ao as 


The subscript 1 pertains to the region in front of 
the shock wave. We note that as Ap — 0, this wave 
goes into an Alfven discontinuity, which rotates the 
magnetic field through 180°. We note also that the 
entropy jump on such a wave is a second-order 
quantity, As = (Ufy /p;Tj) Ap. 

The initial shock wave (3) can break up into 
seven waves; three waves moves to the right (fast 
magnetoacoustic, Alfven discontinuity, and slow 
magnetoacoustic), three waves move to the left 
(fast, Alfven, and slow), and a contact discontinu- 
ity, at rest relative to the medium, in the middle. 

Let us examine first the Alfven discontinuity. 
The jumps in the magnetohydrodynamic quantities 
on the Alfven discontinuity are related by the 
equations 


aie 


ep ti. — |), Aa, = ey (1 = (4) 


The jumps in the other magnetohydrodynamic quan- 
tities are equal to zero; the subscript 1 pertains to 
the region in front of the discontinuity, « has the 
same meaning as in (2), ne = 1 if there is no Alfven 
discontinuity, and ne = —1 if the Alfven discontinu- 
ity rotates the magnetic field through 180°. 

Expressing AHy and a in terms of vanes Hy, 

Al©)y y? ae Hy, and A’) Vy» and noting that 
atow aa A{©vy tend to zero as Ap — 0, we 

Sa n-=-—1 and n, =+1. This means that 
disintegration of the initial shock wave results in 
a 180° Alfven discontiniity moving in the same di- 
rection as the initial wave. There is no Alfven 
discontinuity moving in the opposite direction. 

We now proceed to determine the amplitudes 
of the magnetoacoustic waves and of the contact 
discontinuity. Each of these five waves is charac- 
terized by a single parameter—the density jump. 
On the other hand, the sum of the jumps of each 
of the five magnetohydrodynamic quantities (p, p, 
Vx, Vy, and Hy ) on the seven resultant waves is 
equal to the initial jump. Since the number of un- 
known amplitudes is equal to five (Ajp, Alp, Ak, 
A‘p, and Atp), we obtain a system of five equa- 
tions with five unknowns, the solution of which 
yields 
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where 
R= V (aay aah, 


x= (Ui, 4+- Ui) / (UL, — Ute) + 2UyU3, | (U3x-- UL), 


The character of the wave (shock or self-simi- 


lar) is determined by the sign of the quantity AS), 


If U,; « cy, then all the waves produced during 
the disintegration are shock waves. 

On the other hand, if U, > cy, Hix K Hyy, or 
Hiy « Hix, then the slow wave that moves in the 
same direction as the initial shock wave will be a 
shock wave. The remaining waves can be either 
shock or self-similar, depending on the values of 
U,/e;; Hix /Hyy, and Y. 

The authors are grateful to A. I. Akhiezer for 
valuable discussions. 
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The high-frequency magnetic susceptibility tensor of an antiferromagnet is calculated for 
various values of a constant magnetic field applied along the axis of the specimen. The 
calculation is based on the Landau-Lifshitz equation of motion for the sublattice moments. 


Tae dispersion of the magnetic susceptibility of 
an antiferromagnet is fundamentally related to ro- 
tation of the magnetic moments of the sublattices 
in the effective magnetic field (including the exter- 
nal magnetic field). The imaginary part of the mag- 
netic susceptibility has resonance characteristics; 
the resonance frequencies coincide with the natural 
frequencies of rotation of the system of moments. 
The resonance frequencies of an antiferromagnet 
were calculated for various equilibrium configura- 
tions by Kittel"! and by Turov.™! The present au- 
thors™] calculated the high-frequency magnetic 
susceptibility of a uniaxial antiferromagnet in the 
absence of a constant magnetic field. 

We know"! that a sufficiently strong constant 
magnetic field can change the equilibrium configu- 
ration of the sublattice moments; this naturally 
produces a change in the nature of the dispersion. 
The subject of this article is the calculation of the 
high-frequency magnetic susceptibility of an anti- 
ferromagnet for various equilibrium configurations 
of the moments. The results obtained make it pos- 
sible to determine the equilibrium structures and 
the type of transition between them from high- 
frequency measurements. 

We consider a uniaxial antiferromagnet with 
two sublattices, located in a constant and uniform 
magnetic field directed along the chosen axis, and 
also in a weak alternating magnetic field of fre- 
quency w. For calculation of the magnetic sus- 
ceptibility of the antiferromagnet, it is necessary 
to consider the forced motion of the magnetic mo- 
ments of the sublattices under the influence of the 
alternating field. This motion is known to be de- 
scribable by the Landau-Lifshitz equation 


aM, / Ot = g [M,HS)] — (y/ M2) {M, IM,H.}], (1) * 


*[MH] = M x H; (MH) = M-H. 


where Mg is the vector magnetization of the s-th 
sublattice (s =1, 2); M is the magnitude of the 
magnetization of each of the sublattices and is as- 
sumed to be constant; g is the gyromagnetic ratio, 
y a relaxation constant, and H{S) the effective field 
acting on the s-th sublattice: 

H) = — d5€ / OM,, (2) 
kK is the energy density of the antiferromagnet, 
H = oM,\M, — >> [(Myn)? +- (Men)?] 


-+ y (Myn) (Min) — H (M, -- M,). 


| 


(3) 


Here a is the exchange interaction constant (a > 0), 
and » and 7 are anisotropy constants, which will be 
assumed to be positive.* Positiveness of the con- 
stants ’ and 7 insures that in the absence of an 
external field, the magnetic moments will be di- 
rected antiparallel and along the axis of the anti- 
ferromagnet (n is a unit vector along this axis). 

It is known"! that if a constant magnetic field of 
magnitude greater than H; = V(A+n)(2a@—-A+n)M 
is applied along the axis, then the energetically 
preferred magnetic state is one in which the vec- 
tors M, and M, are oriented symmetrically with 
respect to the axis n, at an angle @ such that 


(4) 


The transition to the new ground state involves the 
surmounting of a potential barrier and is accompa- 
nied by evolution of heat (a transition of the first 
kind). Under these circumstances, of course, there 
is a range of fields in which the antiparallel orien- 
tation of moments is metastable. The upper limit 
of the metastable states is the field 


cos 0 -= H/M (2a —k +). 


Hoyess Veh) dete Adem) 3M 


*Since the anisotropy energy is related to relativistic in- 
teractions, A andn <a. 
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(the lability field). According to Eq. (4) the angle 
between the magnetic moments depends on the ap- 
plied field when H > H, and becomes zero when 


H = H3 = (a —’A +) M. 


Subsequent increase of field does not change the 
structure of the magnetic state. At H = H; there 
occurs a phase transition of the second kind: the 
longitudinal component x,, of the magnetic sus- 
ceptibility (the z axis is chosen along n) changes 
discontinuously from the value 2/(2a—A +7) for 
H < H, to zero for H = H3.* We remark that the 
components Xx, and Xyy of the magnetic suscep- 
tibility are continuous at H = H3. 

On decrease of the field from values below Hz, 
it is possible to carry over into the low-field re- 
gion the configuration with a symmetrical orienta- 
tion of the moments with respect to the axis. The 
lability field in this case is 


Ha = (4 Qa —2 +)*7/Qo +h +n)1" M. 


We note that H,< H,. The difference H,—Hy, de- 
termines the width of the hysteresis loop in the 
magnetization of the antiferromagnet. 

We shall derive an expression for the high-fre- 
quency magnetic susceptibility tensor Xix(w) for 
various values of the constant field H. The tensor 
Xik(w) is calculated by means of Eq. (1); linear- 
ized with respect to the high-frequency field, at 
the equilibrium configurations considered above. 

1. H< Hj. In this case, as is usual in gyro- 
tropic media, it is convenient to describe the 
magnetic susceptibility by giving the values of 
etn 

fit. — Kh, 


where hy = hx + ihy, Ms = Mx + imy; h is the 
high-frequency magnetic field and m the alter- 
nating part of the resultant magnetic moment. 
With the abbreviations 


or = (gM? +y) (2 £0) Qa +A +0) — PPM, 
OF = 2 (gM? +7) +), (5) 


the expressions for the components of the tensor 
Xik can be written 
nf a Qt — 2iwy z 


~ 2 —(o@ -- ghy — ziwy (a4 Am) 


Xe =0. (6) 


From (6) it is evident that the role of antiferro- 


magnetic resonance line width is played by the quan- 


*Strictly, v,, #0 for H > H,. The value of x,, is deter- 
mined by the dependence of the energy of spin waves upon the 
magnetic field (the ‘‘paraprocess’’). At T = 0, xX,, becomes 
zero. At any temperature below the Curie-Néel temperature, 
the value of y,, takes a finite jump at H = H,. 


titya2y la Ast n).§°1 At H=0 the values of x, 
and x_ are equal: 


Y+ = X= = Me Kyu: 


The off-diagonal components Xxy and Xyx are then 
zero. This means that at H = 0 there is no gyro- 
tropy.“! It should be mentioned that in reference 3 
a mistake was made, in consequence of which an 
incorrect frequency dependence of the imaginary 
part of x, was obtained.* 

2. H,< H< Hg. Because of the dependence of 
the angle between the magnetic moments upon the 
magnetic field, in this case xyz, = 0. The calcula- 
tions lead to the following result: 


Arter, (7) 


Yer (0) = 2/(2a —% +n), 
v = (Qa —A% +7) ysin? 0 = y (1 — AP/H3) H3/M. (8) 


Here the angle @ is determined by formula (4). We 
notice that for w ~ 0 the value of x,, approaches 
zero.as’ H— H;3,)\i.e.,,as 0— 0. 

Formula (7) describes a behavior with relaxation 
time T = 1/v in the neighborhood of the phase tran- 
sition of the second kind (where H * Hs): 


wate ccs 
an te 


(8’) 


The approach of the relaxation time to infinity at 
H = H; is in accordance with a result of the gen- 
eral theory of phase transitions of the second 
kind. ©! 

We have assumed that the temperature of the 
body was fixed. If we take into account that all the 
parameters on which the tensor Xj, depends are 
functions of temperature, then the equation H; = H 
at fixed H must be regarded as an equation for 
determination of the temperature Tg of the phase 
transition of the second kind. Then formula (8’) 
determines the relaxation time 7 in the neighbor- 
hood of Te: 


SE ee ar Pa (3) 


Formulas (7), (8), (8’), and (8”) show that at 
fixed frequency there is a field or a temperature 
at which the absorption in a high-frequency mag- 
netic field along the z axis reaches a maximum. 
The height and position of the maximum depend 
on the frequency w. The maximum always occurs 
in that phase in which the angle between the sub- 
lattice moments is different from zero (this angle 


*Our attention was directed to this fact by E. A. Turov, to 


whom we are very grateful. 
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plays the role of the parameter 7 in the general 
theory'!), The transverse components of the mag- 
neitc susceptibility tensor in this case are 


2 9; 
wo; — 2imy F 
X= —_*+._——— cos? 6. 
9 — © — 2iay’w 
9 = 
1 rl @) — 2f@y 
Dies pes See 
t @,— wo — 2iay’o 
2igMo cos § 
“ & 
heyy = — Nye = (9) 


of — w — 2iay’@ 
Here 
@> = (g2M? + y) (4a? cos? 6 — 2 (A +n) a sin? 0), 


of apnea ep 


(7 +n) sin? 0]. 


y =y Il + cos? 0 — = 
The x axis lies in the plane of the magnetic mo- 
ments, the y axis perpendicular to this plane. 

In contrast to the preceding case (H < Hj), 
here there is a single resonance frequency W = Wp. 
This is connected with the fact that we have not 
taken account of anisotropy in the basal plane (the 
xy plane). Calculation of the spin-wave spectrum 
in this case leads, it is known,™! to the result that 
one of the frequencies of the spectrum goes to 
zero as the wave vector goes to zero. 

3. H > H3. As was pointed out above, for H > H3 
the two magnetic moments in the equilibrium state 
are parallel to each other and are directed along 
the magnetic field (H || n). The high-frequency 
magnetic susceptibility tensor in this case coin- 
cides with that of a uniaxial ferromagnet: 


oz — io 
Yxx (@) aa 777 () aay fil (0) 2 f 2 _ ? 
Ger OF 21WY ¢ 
9; 
Xxy(@O) = — Yyx (@) = 3 gee : ’ 
OF — @? — 21M 
Kez = Xyz = Kee Q, (11) 


where 
x1 (0) =2M(H + (A —n) M), 


w, = 2° [H + (A— 1) MF (1 + y/g?M?), 


V¥¢ = Y(H/M +14 — 1). (12) 
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Comparison of formulas (11) and (12) with formulas © 
(9) and (10) shows that at H = H; = (2a-A+7)M, 
all components of the tensor y;;,(w) are continuous. 

Knowledge of the frequency dependence of the 
magnetic susceptibility tensor enables us to solve 
the problem of the dependence of the resonance 
frequency on the form of an ellipsoidal specimen, {® 
and also to calculate the frequencies of nonuniform 
resonance.£4) Both problems reduce to the finding 
of the characteristic solutions of the system of 
equations * 


roth = 0, 
er hn 4n div yh (inside the body) 
— 0 (outside the body) 


with zero boundary conditions at infinity and with 
the usual boundary conditions at the surface of the 
body (here the value ¥ of the tensor at y = 0 is 
used). 

In closing, we take this opportunity to thank 
A. S. Borovik-Romanov for valuable comment. 
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Quantitative agreement between Drell’s theory and the experiments on photoproduction of 
negative 7 mesons on protons can be obtained by taking into account the correction sug- 


gested by the Salzmans. 


Tue role of peripheral interactions of elementary 
particles caused by the exchange of a single virtual 
pion!!)2] has recently become of considerable inter- 
est. Along with the ‘‘polology’’ approach of Chew 
and Low,"!! connected with extrapolations of cross 
sections into the unphysical region of values of the 
4-momentum transfer squared CA" = —m?), many 
authors!* 9] have viewed the one-meson contribu- 
tion as dominant in the region of small, but phys- 
ical, values of A? = ise 

A similar approach has been recently proposed 
by Drell§*! for photoproduction by high energy pho- 
tons. In particular, for the photoproduction of 7 
on protons 


Vos pasa soi ip (1) 


one can show, according to Drell, that the diagram 
shown in Fig. 1 will dominate all contributions to 
the cross section provided that the energy of the 
emitted 7, w, is comparable with the photon en- 
ergy k, and the angle @ of emission of the 7 in 
the barycentric frame of the colliding particles is 
of the order of mz/w: 
pie = fie, j2m,/o (A? =m). 

The differential cross section for process (1) 

has then the form 


d23(k,0,0) a es ei sin? : s : 

2a (1 — cos 0) it k (2) 
Here a = 1/137, B is the velocity of the 7 (i= 
= 1), dQ is the solid angle element into which the 
7 is emitted, Ort +p(Q) is the elastic scattering 
cross section for scattering of real ™* mesons on 
protons, which is a function of only Q —the kinetic 
energy of the final a* meson and nucleon in their 
barycentric frame. Special experiments on photo- 
production of 7 mesons in hydrogen were per- 
formed to test Eq. (2), £104 The dependence on w 
(or Q) of d’o(6, w)/dQdw found at the angles 


195 


ok — «a 
lease dws _,,,(Q). 


ie 
wo + 
7 kk 2 8-39 “4 pi 
1th 
NACA ESS one Ran yo 
4 is Q 
p 
P b 
FIG. 1 


6 = 10.5, 17.5 and 25° is shown in Figs. 2—4 

(k = 1230 Mev in the laboratory frame). [Experi- 
mental data at larger angles (@ = 38 and 55°) cor- 
respond to A? > 4m?2, where Drell’s hypothesis 
does not apply.] The dashed curves appearing in 
the same figures were constructed using Eq. (2). 

It is clear from the figures that Drell’s formula 
correctly reflects the general behavior of the cross 
section as a function of Q and clearly points to its 
connection with the we ws resonance in TN scatter- 
ing. Quantitatively, however, theory and experi- 
ment do not agree—Eq. (2) gives too low a value 
for the cross section even at @ = 17.2°, where it 
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has a maximum as a function of 6 (cos 0max = 8B) 
for maximum value of Ont +p(Q).* 

It must be further noted that the reproduction of 
the resonance curve of the mN interaction in proc- 
ess (1) can be obtained to a larger or lesser extent 
in any isobar model, therefore a real test of Drell’s 
hypothesis requires rigorous quantitative agree- 
ment between theory and experiment in that region 
of angles where the contribution from the diagram 
of Fig. 1 is supposed to be dominant. 

It will be shown below that the discrepancy be- 
tween theory and experiment is apparent only, and 
that after an appropriate modification of Eq. (2) 
quantitative agreement between theory and experi- 
ment is obtained. 

Indeed, the cross section O7*+p(Q) appearing 
in Eq. (2) refers to the scattering of a real 1* 
meson whereas for physical values of A? a virtual 
pion is absorbed in the blob of vertex b (Fig. 1). 
As was shown by the Salzmans,"**) for small phys- 
ical values of A? such a meson behaves as an 
‘‘almost real’’ incident (in the 7*+p barycentric 
system) meson. Its energy is approximately equal 
to the energy @ of the real 7* emitted from the 
blob in the vertex b, while the momenta of these 
mesons are substantially different—the virtual 
meson, being off the mass shell, has a three- 
dimensional momentum A significantly larger in 
magnitude than the momentum q of the real 1* 
meson. As was shown by the Salzmans,!* this 
almost trivial circumstance must be taken into 
account. : 
~~ *As regards very small angles (9 < mz/w) where the one- 
meson approximation is, generally speaking, very good, the 
hypothesis of the dominant role played by the diagram of 
Fig. 1 is in all probability false: at small angles the cross 
section (2) tends to zero and the contribution of other left out 
diagrams may turn out to be substantial. 
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In the case under consideration the energies Q 
are such that one may apply to the blob at the 
vertex b, where the 7* meson is absorbed, the 
statistical model which gives a good description 
of the *% ¥, resonance of the ™N system. 

And so, following the Salzmans,“! we replace 
in Eq. (2) the experimental cross section Or*sp(Q) 
by* (A*/q?) o7+4p(Q). The solid curves shown in 
Figs. 2—4 are obtained when the Salzmans’ cor- 
rection is included in Eq. (2). Figures 3 and 4 
show the quantitative agreement between the the- 
ory of Drell and experiment for @ = 17.5° and 
6 = 25°. Figure 2, apparently, reflects the fact 
that for 6 & 10° the referred to previously (see 
first footnote) circumstance, connected with the 
decrease of.the cross section at small angles, 
begins to be felt. 
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vertex b we find easily that 


A? / q? = [(W — M)? + A] / [(W — M)?— m3}, 


where W=Q+M+mz is the total energy of the 7+ and pro- 
ton in their c.m.s.; M stands for the nucleon mass. 
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ON THE EXCITATION OF NUCLEI BY MUONS IN HEAVY MESIC ATOMS 
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The ratio of the width for nonradiative nuclear excitation to the radiative width is calculated 
for levels of mu-mesonic atoms and shown to be weakly dependent on the muon matrix elements. 


| . After a mesonic atom is formedinahighly ex- 
cited state (n ~ 14), the muon cascades down to 
the ground state, the final transition of this cas- 
cade being the 2p-1s transition.) Zaretskiil?! 
showed that the full 2p-1s transition energy can 
be transferred to the nucleus (nonradiative exci- 
tation process). The ratio of the probability for 
nonradiative nuclear excitation with subsequent 
decay of the nucleus through various nuclear chan- 
nels, Wnuc; to the probability for y emission by 
the muon, Wy; is of interest. 

If the nuclear levels at an excitation energy 
equal to the 2p-1s muon transition energy are 
wide enough so that they can be considered to be 
overlapping, then this ratio is 


Waucl W, = Por, [Y,, (1) 


where Iny and I'y are the nonradiative and radia- 
tive widths, respectively, of the 2p muon level. 

If the nuclear levels are non-overlapping, the 
ratio of Wnuc to Wy is determined™*! by the 
quantities Ipy/Ty and p©nyc, where Tnyc is 
the average nuclear level width and p is the nu- 
clear density at the energy of excitation of the 
nucleus. 

Nonradiative nuclear excitation can also be im- 
portant in transitions between other muon levels, 
for example, 3p-1s or the transition from any 
highly excited s or d state to 2p. 

We calculate below the ratio 'yy/I'y for a di- 
pole transition between arbitrary muon levels. The 
calculation is performed in the nonrelativistic ap- 
proximation. 

2. The muon-nucleus dipole interaction oper- 
ator which leads to nonradiative muon transitions 
with nuclear excitation is 


rir, fi Chet 
re 7 @) 
gibea TOPS ase 


V=— A S51 Vin() Vin) x is 
m ¢=1 

where rj and r,, are the position vectors of ne 

protons and the muon, respectively; the summation 

is over the protons in the nucleus with charge Ze. 


In the initial state of the muon-nucleus system, 
let the muon be in the level with quantum numbers 
ny, jy, and 7, and let the nucleus be in its ground 
state with spin Ip. As basis functions for the muon- 
nucleus system, we choose the eigenfunctions of 
the total angular momentum of the system, Jin, 
and its projection Mj;,: 

a Dd) Coivmsn;, | inM y. id Prem, RrtsDjm;s (3) 
i A 


where ],my, is the wave function of the nucleus in 
0 


in My ak 


its ground state, Ry ,2j.m it is the muon wave func- 


tion, and (...|...) is a Clebsch-Gordan coefficient. 
Similarly, we write the wave function of the final 
state with total angular momentum Jr: 


Vr gM, = 2 (I gj2m, nd ree pv: ps Rayz,Djm;, (4) 
where I¢ is the spin of the final nuclear state and 
Ny, jg, and 7, are the quantum numbers of the muon 
final state. 

In this representation, the matrix element of the 
operator (2) is (for brevity, we omit the dependence 
of the sign of the matrix element on the quantum 
numbers ) 


JeMs,| V \SgMs,» =e [4m (2h, + 1) @js +1)]* (14,00 | 220) 
x W (4 lojijas ] 1/9) be eee | mite 


Dy rif (C1) Vim (i) | "Pimp, > 


X (Ijgmny,! jy) Prem 
(5) 


fr) = 189 \ Re Roar AP = \ RatRntedr, — (6) 
0 ve 
where W is the Racah coefficient and the summa- 
tion in (5) is over m, mj, Mj,» MJ)» and mj. 
The nuclear matrix Aterbat in (5) can be written: 


CPt_m, | Bind (7) Yam | rem, > 


= (1/9mmy, | I,m) <I, | a rif(r:)Y, | I> { (7) 
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where the dependence on the magnetic quantum 
numbers is separated out. 

Since we are considering a nonradiative transi- 
tion of a closed system, the total angular momen- 
tum and its projection are conserved. Thus, using 
(7) and carrying out the summation over magnetic 
quantum numbers in (5), we obtain 


<J¢Mz,\V \ioMao =@l$ 02h +1) Qi +1) Ci +) 
(21, + 1)]}* (11,00| 1.0) W Uloisleis; Jial) 


Ce! S1dih (| Fd 8g Pe Mg (8) 
where we have set qj = rjY,(i), for brevity. 
The nonradiative width is 


Pen 24 SV [bihe. (9) 


The bar in (9) denotes summation over the final 
state quantum numbers Jf, MJp jo, Ig, averaging 
over the possible values of the total angular mo- 
mentum of the system Jjn and Mj;_, and also av- 
raging the absolute square of the nuclear matrix 
element over those nuclear levels which lie within 
an energy interval of about [yy around the transi- 
tion energy. Substituting (8) into (9) and using the 
fact that the probability that the total muon-nucleus 


angular momentum be Jy is (2Jj+1)/(2Iy+1)(2j,+1), 


we obtain 


8n2 ? 21g bh. 
Por =—g—et(11,00| 0,0)? > aot 1S! #1 9b (74) | 10> lave, 
If : 


(10) 


where Plg is the density of nuclear levels with spin 
Ig. The radiative width for the muon transition be- 
tween the same states is 


9 


co 


be 

( Rai, Bvah dr 

ny 
It is convenient to transform the integral in (11) 

in the following way. We write the equation of mo- 


tion of the muon in matrix form: 


fe 117,00) 1,0)" (11) 


c 


m, <tr> = —<VU), (12) 


where m, is the muon mass and U is the potential 
energy of the muon in the field of the nucleus, 


for ™~2R 


ee mrt 3} 
a Ze “w \4p, RAD h. / R)P| for res R 
where R is the nuclear radius. 
With (12) and (13), we obtain 
fo) R 
: PAIR 2 
\PRag.Rns. 4 = sca [=e \ PRatRatar 
u , 0 
SailitR)s (14) 


co 
v \ RnytRoets dr| ~ mo 


f(x) in (14) is the same as that in (6). Thus, the 
ratio (1) in which we are interested is 
2 
fo 


av 


Par) 4 2a? moc ¥ 2l_ +4 ers) 
a 3 ! 


pe 2 eee [Clea Fae 


pi,-(15) 


The cross section for dipole photoexcitation is!*] 
5 = (8x9 /3) (w/c) [| Qua lav t 1<Q1.—> lavip» (16) 


We will consider the photoexcitation of the nu- 
cleus in the transition ~], — Ig. We separate out 
the dependence of the matrix elements in (16) on 
the magnetic quantum numbers, as we did in (7); 
then, in the notation introduced previously, we 
obtain 

2 
KQua> Com Seren sy 
HIMES 


Oi? ie ae ale 9 
= 2 AT ide lai| fo) lew 


(11 oly, | Letig)” | <1 ¢| G2 | 10> lay 


(17) 


Thus, the photoexcitation cross section for the 
nuclear transition considered above, summed over 
the final values of the nuclear spin, is 


5 = OE oe hater |e Pr: Foo? | Bigeotiele) 
ia av 

Substituting (18) into (15) and letting 

Bi 2g +4) |< Tel Bai (r)| fo } Pte a 
Be : a, 1 
Beh Paes ad ®) > a 
we obtain, finally, 

Dares Ay (OlOmt) Vike Ze), OL: (20) 


3. The form factor B takes into account the ef- 
fect of the finite nuclear size on the ratio (1). For 
heavy mesonic atoms like uranium, B is of the 
order of 2. For a point nucleus, B = 1 and the 
ratio (1) does not depend at all on the muon ma- 
trix elements. This is easily understood if one 
notes that the nonradiative nuclear excitation proc- 
ess can be interpreted as the inverse of internal 
conversion; then (20) is the inverse internal con- 
version coefficient. Since the internal conversion 
coefficient becomes independent of the nuclear 
matrix elements in the case of a point nucleus, it 
is natural that the dependence on the muon matrix 
elements disappears from (20). We note also that 
(20) depends on the transition energy mainly 
through the photoexcitation cross section, which 
is to be taken at the transition energy; B depends 
rather weakly on the energy. 

The magnitude of the form factor B can be es- 
timated as follows. The matrix element in (19) can 
be written 


CRI D>) ad (ri) |0> = Dd <1 DalO><k{F (res AV 
i k’ i 
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where the summation in (21) is over all intermedi- 
ate states. In squaring (21) we neglect the cross 
terms. This is permissible if the phases of the 
terms in the summation in (21), each of which is 
the product of essentially different dipole and 
monopole transition matrix elements, are random. 
Then 


Kel Sat ed 10 2,72 


2 nal RIP IR>?, 
(22) 


| Z 


where f(r) is a very smooth function. For ex- 
ample, for the 2p-1s transition in mesonic ura- 
nium, using the numerical muon wave functions 
given by Pustovalov,"* we obtain 


f(r) = 1 — 0,71 (r/R)? 40.3 (r/R)? — 0,06 (r/R). 


The state k is a highly excited nuclear state 
(in the mesonic uranium 2p-1s transition, Ex ~ 6 
Mev) and therefore tk ECT) AK) [2 has a maximum 


(23) 


at k’ =k and for k’ #k it is quasiclassically small. 


On the other hand, the quantity |(k’|Zjqj|0)|?, pro- 
portional to the photoexcitation cross section, is a 
smooth function of k’ and can therefore be taken 
outside the summation over k’: 


Na Lat) 0) p=] Ce] all Dice f 1k 
- <4 Bao>fare 


Substituting (24) into (19), and assuming a uni- 
form charge distribution in the excited state of the 
nucleus, we obtain 


(24) 


1 


Braap a \ AP) dr, 


he 
y= epi . (25) 

For the 2p-1s transition in U7’, B = 1.8. The 
photofission cross section for the above-mentioned 
energy in U8 is about 12 mb," and the ratio of 
the fission width to the sum of fission and neutron 
widths is about 4."8] Thus, assuming that the photo 
excitation cross section is due to the absorption of 
electric dipole quanta, we obtain 0 » 50 mb. From 
this 


(Tar Welt opeaciaeOa (26) 


The same ratio holds also for Th, since the photo- 
excitation cross sections for U?*® and Th are the 
same. §81 
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For the 3p-1s transition in the same elements 
we obtain Egp-j5 = 9-5 Mev, B= 1.4, 0 ~ 320 mb, 
and 


(Lvnr jigs Pane e ew Has (27) 


The results, (26) and (27), can be qualitatively 
understood by the following argument. The radia- 
tion of a y quantum by the muon is a first order 
process with a probability of order e*/fic; non- 
radiative nuclear excitation is a second order 
process with a probability of order (e*/fic )(Ze2/hic ) 
Thus, the ratio of the widths for these two proc- 
esses is of order Ze*/ic. For the elements men- 
tioned above, Ze*/hic ~ 1. However, for other nu- 
clei and other transitions, the ratio (1) can be much 
larger or much smaller than Ze*/fic because of 
the nuclear matrix elements. 

In conclusion, the author expresses his deep 
gratitude to D. F. Zaretskii for suggesting this 
problem and for valuable comments. 
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The complex elastic modulus of a metal is computed under conditions when the electron 
mean free path is much greater than the acoustic wavelength. Some cases are considered 
when measurement of the sound absorption coefficient permits one to draw certain conclu- 
sions regarding the momenta and velocities of the electrons on the Fermi surface. 


‘Tae study of ultrasonic absorption in metals at 
low temperatures in the presence of a magnetic 
field makes it possible to clarify certain charac- 
teristics of the Fermi surface, as was first shown 
by Pippard.!4J A number of researches have been 
devoted to a theoretical consideration of this prob- 
lem.!'2-4 In the case in which the electron mean 
free path 7 is much greater than the acoustic 
wavelength A, the transfer of energy from the 
lattice to the electrons is not connected with their 
collisions. A systematic theory of sound absorp- 
tion under these conditions (without a magnetic 
field) has been constructed by Silin."*) In the 
present work, the case of an infinite mean free 
path of the electrons is also considered, in con- 
trast with, 2-“) where the length of the free path 
was essential. 

In Sec. 1, general formulas will be obtained 
for the complex elastic modulus when 1 >). In 
Sec. 2, sound propagation is considered along the 
axis of symmetry in a magnetic field and also in 
the ‘case when the acoustic wave vector k and the 
magnetic field H lie in the plane of symmetry of 
the Fermi surface. It is shown that in these cases 
the sound absorption coefficient vanishes in the 
approximation considered if the field exceeds the 
value for which the maximum displacement of the 
electron over the period of its motion in the mag- 
netic field is equal to the acoustic wavelength. In 
Sec. 3, sound propagation is considered in the 
case of strong magnetic fields. 

1. When the lattice is deformed, the energy of 
the electron is changed: 


e = c0 +Ajp OUj/OXz 


(u is the lattice displacement vector). The elec- 
tron distribution function satisfies the equation 


0 ie 
Or tk 


Shay ot. 


Cire or 


e 


PaUN TG Noe 


Ou;\ Of 

- (eE 4 Rd Pa «a fo 
(e Ox,] Cp 0. (1.1) 
We assume that u~ expi(k-r-—wt). Transform- 
ing to the variables introduced in the work of I. 
Lifshitz, Azbel’ and Kaganov, '*! we get for the 
increment 6f to the equilibrium distribution func- 
tion 

fo = 2 (2nh)-* [exp (eo — p)/T + 11? 


the equation 


06 ; p ; ) 
Q oa + ikv,df = iwdf — evoE ee 
4 6) a OA; fo) ¢ 
we: ik Vott:Rmdim A + juk»Q aS, a (iat 


Here g/Q is the time of motion of an electron 
with a given energy € and momentum projection 
in the direction of the magnetic field py, © is its 
circular frequency, and Vy = d€)/ap. 

We restrict ourselves to closed Fermi surfaces. 
Taking into account the periodicity of 6f(y), we 
find 


df = (iukmAim. + iek® KE) Of / Oe 
e+2n 

Oona 

© 


P1 
dg: [cE 0, (Pr) fo / Oe — iwdf (@i)] exp(ik i v (g’)dg’ / 2) 
® 


cae ae v(g)dp/Q—1 (1.3) 
The indices 0 are omitted on v, while vq denotes 
the components of the velocity perpendicular to k. 
Adiabatic ‘‘switching on’’ of the interaction at 
= —o corresponds to a passage about the poles 
determined by an infinitesimally small imaginary 
contribution to w, or by an addition of the opposite 


*[vH] =v H. 
tky =k-v. 
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sign to Kk v. In the case in which k 1 H, it is shown 
1 
that k: fv (g)dg = 0, and it is necessary to take 


the potiisicne into account. The condition for the 
applicability of Eq. (1.3) reduces to kv cos 0 > »p, 
where v is the characteristic frequency of colli- 
sions for the electrons, and @ is the angle between 
k and H. 

By making use of Maxwell’s equations, we ob- 
tain the following equations for the determination 
of E: 


\ df dp = — ikuN, 


(1.4) 


icPRE 


ae (1.5) 


e\ 0.6) dp = — iweNu, — 


Here N is the number of electrons per unit volume. 
We introduce the notation 


oe | dpAdjo/de = <A), (1.6) 
(on)-1( A (9) dp = A, (1.7) 
: . 

AQ a dp.B (g1)exp(ik f v (p") dp’ /Q) 

Demin ae ee (A, B). (1.8) 
Substituting (1.3) in (1.4) and (1.5), we get 

—iugkm <Aim> — lekER~*{1> — eE, (1, 02) 

+ wttym (1, Aim) -+ wekEk-? (1, 1) = —ikuN, (1.9) 


—e*E, (Uz, Us) + ewttzkm (vg, Aim) = iweNug — ic?k®Eg/4nw. 
(1.10) 


To determine E we use an expansion in powers 
of vg/v (vg is the speed of sound): 


cE, = — iwe*u;Bap (N8ie — i (vp, Li), (1.11) 
ekE UR : (1; L;) ae (1, 04) 
(1.12) 
Bap = — (Ua, Up) — 1 (c?k?/4s1w) Oap, (113) 
Ly hm Aen Mind At t NOim CID, (2.14) 


The lattice vibrations are described by the 
equation!*! 


pul; = init aaa, —eNE;—i—No [uH]; +- see Aim} dp, 

(1.15) 
where p is the density of matter, and Ain} j is the 
tensor of the elastic moduli of the lattice. By using 
the complex elastic modulus Aim} j(w, k), intro- 
duced by Silin,! we transform Eq. (1.5) to 


pou; = RikmMimpilty 


NemjRmki = Mrjkmkt + Ohemjtmkz, (1.16) 


SNimiRmkiuj = eENE;— iec1NOH ptt jeijim — ikm \ AimOf dp. 
: (1.17) 


Substituting (1.3), (1.11), and (1.12) in (1.17), we 
obtain 


DNimptRme1 oe Rmky <AimAyi> ie Rmky ch (<Aim> 


— N8im) (<Ay> — N6j) + tec* NOH meiim— io (L;, Lj) 


— ime? (Ni (iy 0a) Bag (N Ojpe= Fay Lal) ee 


The first two terms in (1.18) have the same order 
of magnitude as Aaj 1Km i> and determine the re- 
normalization of the elasticity modulus, brought 
about by the interaction of the lattice with the elec- 
trons. This renormalization is shown not to depend 
on the magnetic field, and is identical with that ob- 
tained by Silin.“! The remaining terms in (1.18), 
generally speaking, are much smaller than 
Mirai Shs They lead to dispersion and sound 
absorption, determined by the addition of dw(k) 
= 6w’ + idw” to the normal frequency w )(k) found 
from (1.16) without account of the small terms in 
(1.18). 

From (1.16), we find 


(1.19) 
(1.20) 


Be! = (Bhimje + OAjtim) Ribs: 4; / Oop |u|, 
60” = — i (6Asmjz — ddjtim) Rabel; U; | Bop | u\°. 


The effect of small additions to the elasticity mod- 
ulus tensor on the polarization of normal waves is 
considered in the Appendix. 

We now bring (A,B) to a form which is more 
suitable for investigation. We transform (1.8) by 
expanding the following function (which is periodic 
in g) ina Fourier series: 

© 


B(g) exp {it \ Vv 9’) dg’/Q — ikvep/Q} 
0 


ey A’ B 
Ae) ee ie anaes ee Smee 
( ) (21h)8 \m eur pane kv fOr ib sae) 


27 @ 
Bais (2x) dB (~) exp jik\v(@') dg’/Q — ikv/Q — ing : 
: L (1.22) 


' We assume that the Fermi surface has a center of 


symmetry, so that B(-p) = pB(p), where fp 
=1 when B=1, Ajx and R =-—1 when B= yj. 

By making the substitutions p— —p and n—-—n 
in (1.22), we can put (1.22) in the form 
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(A, B) = ant mo 
oe be kv 
x > (AnBn Fie CaBAn By) oe rey a 
INI<(kV/Q) ng x Pan 

2m + sa <1 A,B, apy tes) 
eae \” dpuO kv/Q4+n ’ (1.23) 

where py, is determined by the condition 
KY (pun) + 2 (Pm) = 0. (1.24) 


We note that for ¢ap=1, the quantity (A,B) is 
real, while for ¢ap=-—1, it is imaginary. 

With increase in the magnetic field, individual 
components fall out of the sum in (1.23). This 
corresponds to jumps in the coefficient of absorp- 
tion or in its derivative with respect to the field H 
at (Kk-V/2)max =n, as Gurevich has shown. "J If 
the Fermi surface differs sharply from elliptic, 
then (8/dpy)(k- -v/Q) can vanish for certain 
piy’. When k- v (pi) =n& (p{P), discontinuities 
also appear, !?! ded. then Sete of the collision 
integral close to the discontinuity is essential. 

The last term in (1.18) arises from the trans- 
verse field Eq. Its role depends, as is well known, 
on the region of frequencies under consideration. 

In the region where A is small in comparison with 
the skin depth 6 in the anomalous skin effect, Bag 
ari Vey, vg) and the last two components in (1.18) 
are of the same order. If now A <6, then Bag 

= -i (c*k?/41w) dg g and the contribution of the 
transverse field, generally speaking, is much less 
than the contribution of the deformation potential. 

2. Let z be the axis of symmetry of the Fermi 
surface of s-th order, and at the same time the 
axis of symmetry of the crystal, so that sound that 
is purely longitudinal or purely transverse is 
possible when k || z. We consider the case in which 
the sound is propagated along z, and the magnetic 
field is directed parallel to this axis. Taking it 
into account that vz and Lz do not change upon 
rotation through an angle 27/s about the z axis, 
we find 


So 


(L2)n == ¢2a1)74 Bs onan ini's 
1=0 
2n/s 6 ‘ ot 
’ __¢ v,dp ikd . 

x \ dele (¢) exp (ie a z =n 

6 ia) ; 
on/s a 

5 ‘ udp ikt,g  , 
satarty A \ depLz(¢) exp! (Be a ing ) 


0) 0] 


oh for f= qs 


Bethe os (2.1) 


(q is an integer). 
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In place of the transverse components Vg, it is 
better to make use of the quantities vi = Vx + ivy, 
-which satisfy the condition 


v+ (p + 2n/s) = exp (+ 2mi/s) vx (9); (2.2) 
e vd ik0,@ 
(U4 ay Vd +(@p) exp (i 5 a) — ing) 
5 for m= gsi 
= - for n=eqs+1 ° (2.3) 
Consequently, (Vq)n = 0 for n # qs +1. 
Similar equalities are valid for Lj. Thus the 


components in (1.23) vanish for n # qs, qs +1, 
and the corresponding discontinuities in the elas- 
ticity modulus or its derivative with respect to 
the field are absent. For example, we have for 
longitudinal sound in the case A > 6 


} 450?) } eae 
PNceze = — iw(Lz, Lz) = — oar > m'Q> 
1) £92.-<(k02/2) nay 
2 tex | Teal 
{ aR 
5 | 4 mee 
x [| (Lz)a | Op x Q he (2.4) 


and the discontinuities appear s times less often. 

If the magnetic field exceeds the value for which 
(kV, PN ane = 1, then only the component for n = 0 
remains in the sum in (1.23). If s is even, then it 
vanishes for all the (A,B) which are necessary, 
according to (1.18), for consideration of transverse 
sound. It is shown that 


(Uz, 0a) = — (U6, Va), (La, Lp) == (Lay Lads 


(Li, Ua) = (Va, Li). (2.5) 

In both limiting cases, > 6 and A «6, we 
obtain k? NZ Bz = -k’ dbo so that 6w” van- 
ishes for transverse sound. Thus, in the case of 
the transverse sound propagation along a symme- 
try axis of even order of the Fermi surface in a 
longitudinal magnetic field, the absorption disap- 
pears in the approximation considered if the field 
exceeds 


Hy = ck (m*02)maxle- 


For the free electron model, it was shown by 
Kjeldaas! that the absorption coefficient of trans- 
verse sound vanishes for k || H if H > ckmv/e. We 
note that the sound absorption coefficient vanishes 
smoothly or with a discontinuity, depending on 
whether (m*Vz)max is achieved for pz = pz max; 
or for pz < Pzmax- If the w(K) coincide for the 
two transverse polarizations, then rotation of the 
plane of polarization of the sound should be ob- 
served for H > H;. The angle of rotation per unit 
distance is 


fee 
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Wes Ohi 2 PO « (2.6) 
According to estimate, kK ~ Nmvk?2/ pw, which has 
the same order of magnitude as the angle found by 
Vlasov! for the free electron model. 

Let yz be the plane of symmetry of the Fermi 
surface (and at the same time the plane of symme- 
try of the crystal). We further consider the case in 
which k and H lie inthe yz plane. For the substi- 
tution g — —@g, the values of vx and Lx change 
sign, while vy, vz, Ly, lz do not change sign, so 
that we get 


(Uz) p= (ea (Oye SO paw eter (2.7) 


In view of the assumed symmetry of the crystal a 
purely transverse wave polarized along the x axis, 
is possible without the magnetic field. The fre- 
quencies of the other two waves with the given k 
will, generally speaking, be different, so that the 
turning on of the magnetic field produces only a 
small distortion of the wave under consideration. 

Let the frequency be so large that 1 « 6. The 
sound absorption coefficient is equal to 


ROO (@6 = 2AL Layo * (2.8) 


and for H > ek (m*Vq)max cos 6/e vanishes. (More 
accurately, the distortions of the transverse wave 
lead to an absorption coefficient of the order of 
6w”*k/w*, where 6w” refers to the other polari- 
zation.) Thus, in the cases considered, one can 
determine the value of (m*Vq) max by measuring 
the field for which the sound absorption decreases 
sharply. The completely determined dependence of 
the absorption limit on the angle @ makes it pos- 
sible to control the applicability of the theory. 

3. In the case of strong fields (Q > kv) we ex- 
pand (1.8) in powers of kv/Q: 
(A, B) = (1 + Cag) 2m? (2uh)* \ m'dpyd (kv) AB 


SORT pea (2h)-8iP \ mdpx = 
‘ : 


on on 


+ (1 Cap) (2ah)* \ m'dpy 2 \de \ de, 
6 


x A (g) B (1) | 6 (kv) \ kv (9’) dp’ — o (g —Qq’)/2 | 
Ps =) 


- O ((ko/Q)?), (Set) 


where 
(x) <= His ton Gls 
SPAN vas eer y 4 for x = ‘ites 


For (Vq, vB) the first terms of the expansion 
vanish. An estimate shows that the first term in 
Eq. (1.13) can be neglected for H > (4mmNwv,)!? 


~ 10° oe. The contribution of the transverse field 
in (1.18) is shown to be equal to 


Anw*e2N?c~*k-? (6,; — tg 00, jk 


— tg 06,;Rk:k +- tg? Ok;kj)k*). (322)* 


Here y’ is the direction in the plane of k and H 
perpendicular to k. This leads to dispersion in 
the sound velocity, which is large for w < 10°/sec 
and falls off with increase in frequency. In the 
range of fields wvmc/ev <« H& 10° oe, both com- 
ponents are important in (1.13). In this region, 
both large dispersion and sound absorption are 
observed. 

For w > 108/sec, the contribution of the trans- 
verse field becomes small, and the sound absorp- 
tion is determined by the deformation potential. 
The absorption coefficient is of the same order 
as for H=0: 


‘= 2k Goer Lj) "taj! pw fi @ 


watt s Re ui; i, 
= \ m'dpx 8(0n) LiL : J 


VAN Tat eG 
| u Pah om cos § 


(3.3) 


For a given direction of H we have y ~ cos! @. 
The case of degeneration of the frequencies w(k) 
corresponds to that considered in the Appendix. 
We only note that for small 6 the normal vibra- 
tions will be elliptically polarized, and for @ close 
to 1/2, linearly polarized. 

In conclusion, I express my deep gratitude to 
V. P. Silin for suggesting the topic, and for con- 
stant assistance in the research. 


APPENDIX 


We shall regard 


poy, = 10 *NOH m eijm — iw (Lz, Lj) 

— iw? (N8ix —1 (hee Va)) Bua (NOjp — (ag, Lipp 
as a small correction to 
Ne Ne eee —kmk; <AimA jae 

a Rmky <P (Nin ae NOim) (<Aj> aa. N 6,,). 

Let all three normal frequencies, correspond- 
ing to a given k (without account of this correc- 
tion) be different, and let the normal vibrations 
be polarized along the é, n, ¢ axes. Account of 
OYij in (1.15) leads to a small distortion of the 
normal vibrations. Instead of a wave polarized 
along , u=(u, 0, 0), an elliptically polarized 
wave is obtained: 

t= (uy Oy, (te = Ve ak NOT, ee ee 


*tg = tan. 
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The ratio of the axes of the ellipse Loven (ves =n) 
+ Oyet(Yee = ye )"1¥? <« 1, and the direction of the ma- 
jor axis is [1, 6¥¢n(Yee—Vyn) > OVEg(VEe—Y ee) 7). 


Let two normal frequencies w(k) corresponding 
to polarization along &, 7 be the same. The set of 
equations 

(67.5 — 6”) uz + OY,,Un = 9, 


BY nelle + (OYsin — 80*) Un = U 


serves for the determination of 6w and the polari- 
zation of the normal vibrations in this case. 

Let us consider in some detail the important 
case in which 6yjj = 0. This exists, for example, 
both for } > 6 and for ’\ <«< 6. Depending on the 
sign of a? = (Ovz¢ + dyn)? - AdVEnOY E> we have 
two possible cases. For a* > 0, the normal waves 
are plane polarized, the direction of polarization 
lying in the én plane and the angles 8 and B + 1/2 
coinciding with the é axis, where tan f = 
(VEE - 5Y nn + a)/267 ey} their absorption coeffi- 
cients are y = k6w”/w = (dy$¢ + SY qn + a)/4w?, 
and the frequencies are identical. 

For a’ < 0, the normal vibrations are elliptic- 
ally polarized and their absorption coefficients are 
the same, equal to 


v= (672, + 51j) R/40%, 
while the frequencies are different: 


w = wo + ia/4wo. 


In particular, if Ov ij =- Ov ii the absorption is ab- 
sent and the normal waves are circularly polarized. 
This leads to a rotation of the direction of the po- 
larization of the plane polarized waves. The angle 
of rotation per unit distance is equal to k = kOY Ey ils 
2p*w? (see ™), 
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The elements of the tensor Paglw ), which describes the spectral intensity of the fluctua- 
tions in electrical current in a nonrelativistic magnetoactive plasma in a strong constant 
or rapidly varying electric field, are calculated. Expressions are also derived for the ele- 
ments of the effective-temperature tensor T°, which is introduced as a formal extension 
of the well-known fluctuation-dissipation thedrem (Nyquist formula) to the case of a non- 
equilibrium plasma. Several particular cases are considered. 


it The theory of fluctuation spectra in systems in 
thermodynamic equilibrium derives chiefly from 
the so-called fluctuation-dissipation theorem, 
which establishes the connection between the 
spectral intensity of the fluctuations of an arbi- 
trary physical quantity and the corresponding (to 
this quantity) conductivity (which determines the 
dissipation of energy in the system) and the abso- 
lute temperature T.“"*! In particular, the tensor 
Sqalt, r’, w), which describes the spectral in- 
tensity of the fluctuations in electric current den- 
sity j(r, t) in a uniform anisotropic absorbing 
medium, is given by (only classical fluctuations 
are taken into account, i.e., Hw «< kT, and spatial 
dispersion is neglected ) 


®,;(r, r’, 0) = 


) 


co 
ee he 4 - ’ ee 
~ \ <Ja (tr, f) jg (r’, £ + 1) eo*dt 
—oo 


= a Sag (w) d(r —r’), (1) 


where 0qg(w) is the conductivity tensor.* The 
theorem in (1) makes it possible to formulate and 
solve the problem of thermal radiation of hot bodies 
(media) within the framework of macroscopic 
electrodynamics;™»*»* in this case the fluctuation 
current j(r, t) is regarded as a transverse cur- 
rent. 


*A complex dielectric tensor ©, (to take account of ab- 
sorption) of form €2¢ = €ag—i4moag/@ can be defined 
uniquely, as is well known, if we require that €g¢ and 0x8 
must be Hermitian tensors. We also note that the tensor 
©. (r, r', @) is related to the tensor <jeew i pee (r')>, where 
j.,(r) is the Fourier component of the current j(r, t), by the 
relation 


Ciae (F) igar (1) = Ogg (Fs F", @) 8 (@— 0). 


If we now consider media that are not in ther- 
modynamic equilibrium (although they may be 
stationary in the sense that the conditions do not 
change in time), obviously there is no universal 
relation between the tensor OB and dy B such as 
that given by (1) for equilibrium systems. A rela- 
tion can be obtained between these tensors only by 
the formal introduction of an additional, (generally, 
frequency-dependent ) Hermitian tensor si w) 
(which we call the effective-temperature tensor ) * 


Oy (r, r’, w) = (R/n) T att (w) os (w) 6 (r — r’), (2) 


where Tap (w) is the conductivity tensor corre- 
sponding to the given nonequilibrium state of the 
medium. 

It is clear that this formal generalization of 
the fluctuation-dissipation theorem does not yield 
any advantage as far as determining the tensor 
qg is concerned; this follows because in general 
there will be no method of computing the elements 
of the tensor ue other than independent calcula- 
tions of the elements of the tensors $qg and Jq@ 
and the expansion of the matrix equation (2) with 
respect to roe. Nevertheless, in certain cases 
it is convenient to use (2) (cf. below). 

One of these cases arises when the tensor 
TOR(w) reduces to a frequency-independent scalar 
Tere (more precisely, when at = TOB6 iy 
this case, as in the case of media in thermodynamic 
equilibrium, ® 4, is determined completely by 
Tqg and, as far as electromagnetic fluctuations 
are concerned, the nonequilibrium medium behaves 


*The general approach to the notion of an effective tempera- 
ture for arbitrary nonequilibrium systems has been given earlier 
by the author.® 
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like an equilibrium medium at temperature Toff. 
This case is the situation, for example, in a highly 
(in particular, in a fully) ionized plasma (cf. be- 
low). 

In the present paper kinetic theory is used to 
calculate the elements of the tensor ®q, CY Pe cy) 
for a nonrelativistic plasma in a strong, uniform, 
constant or rapidly varying electric field E anda 
fixed uniform magnetic field Hj. By rapidly vary- 
ing here we mean a field E characterized by a 
frequency that satisfies the relation {2 > Tet 
~ OeffVeff where T¢ is the relaxation time for 
the electron energy € = mv’/2. The quantity Sage 
is the mean relative fraction of the energy lost by 
an electron in a single collision with a heavy par- 
ticle (Oeff K 1); Verge is the effective frequency 
of collisions between the electron and heavy par- 
ticles (more precise definitions of these terms 
are given, for example, in '). If the above con- 
dition is satisfied, just as in the case in which E 
is constant, * the plasma reaches a stationary state, 
that is to say, the symmetric part f)(v) of the 
electron distribution function 


F(v) = fy (2) + vi (o)/o 


reaches some average time independent level (the 
variable part of the function f)(v) is of order 
(are)-! and can be neglected). The function fo(v) 
will differ appreciably from a Maxwellian distri- 
bution fy9(v) corresponding to the temperature of 
the heavy particles T (i.e., thermal equilibrium 
no longer holds) when the field E becomes suffi- 
ciently high:"® 


ES E, = [3kTimd og: (2? + Vere)/e)", 


where port is the effective collision frequency in 
the absence of the field E. In further discussion 

of the nonequilibrium plasma we will keep in mind 
the fact that the plasma is in a nonequilibrium state 
due precisely to the presence of such strong fields 
E. 

2. We start by calculating the tensor for the 
current fluctuations. If spatial dispersion is neg- 
lected, in which case the spatial correlation is 
local (6-correlation),"*!" this tensor can be 
written in the form 


<jx (t,t) jp (t + 9, t+ 1)> = Ne*Pas (1) 6 (9), (3) 
where N is the electron density, e is the charge 


*In a highly ionized plasma in a very strong constant field 
E> Eo~\kKTemrese (Te)/e (Te is the electron temperature) 
the phenomenon of electron ‘‘runaway”’ occurs,’’® making it 
impossible to establish a stationary electron distribution f(v). 
We assume below that the constant field satisfies the condi- 
tion EXE,, 
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of the electron and Yap (tT) = (Va(t) vg (t+7)> is 
the correlation tensor for velocity fluctuations of 
a given electron in the plasma: (Vq) = 0. 

If the fluctuations vqg(t) are to be stationary, 
we require Jqg(T) = PBal— T). Using this prop- 
erty of ¥qg(T), we obtain from Eqs. (1) and (3) 
the following expression for the ‘‘frequency’’ part 
Pap lw) of the tensor Py glt, PY wgue 2 ap (w)x 
6(r—-r’): 


nls) ah [pas (1) + Pea (1)] cos wt de 
0 


7 i\ [pap (t) — Psa (11 sin wr dt}. (4) 
0 

This expression allows us to compute the tensor 
ap () using the velocity tensor Yap), which 
is given only for tT > 0. However, for T > 0 the 
elements of ~qpg can be determined from the fol- 
lowing simple considerations. Let the z axis be 
along the magnetic field Hy. In the interval be- 
tween two collisions an electron behaves as though 
free and moves in a helical path along the magnetic 
field H) with a rotation frequency wy = |e|H)/me. 
Hence, for given values of the velocity components 
Vx, Vy and vz the nonvanishing second moments 
at t=0 are 


<uz'(0) v2 (t)) = 22, 
<vy (0) vy (t)> = 0400S wnT, 


0x (0) vy (t)> = — dy (0) dx (1)> = 0¢ Sin ONT, 


(Ux (0) Ux (t)> — vy COS WAT, 


if T< To9(v). where T)(v) is the time required to 
travel one mean free path, and zero when T > To(v). 

Introducing the step function p(x), which is 
equal to unity for x > 0 and zero for x < 0, we can 
write 


wp. (t) = “otp (sv — 1)>, 

p,, (1) = (02 cos wyt-p (s/u — t)>, 

Py (1) = S02 Cos @,0-p (s/0— 1), 

‘b, (t) = Nt Ge t) = <v? sin w,0- p (s/v — t)), (5) 
where the averages are first taken over s, the 


length of a free path for a given.velocity v, by 
means of the distribution function © 


w (s, v) = exp I— s/L(v)], 1 (v) = v/v(v) 


[v (v) is the electron collision frequency] , and then 
with respect to velocity, by means of the electron 
distribution function fp(v).* 

Substituting (5) in (4) and first carrying out the 


*The function f (v) is normalized to unity (not to the den- 
sity N). 


OO __._.. ee 
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integration over 7 and then over s, we obtain the 
following expressions for the nonvanishing elements 
Paplw): 

P,-(®) = (ko (Y, ©), 

Pry () =, (w) = SG (vu, o)> — Kia) (v, w) >}, 
Dey (®) = Pye (0) = HK.) &)> = Ky ©)? (6) 


where the functions Xo, X:-), and X,(4, are given by 


y Ne® ‘vu? 2Ne* ve 
9” 3n ot + v2 30 w?+ vy?’ 
Ne? vu? oe 2Ne? VE 


(7) 


Kk 


(F)~ 3a (@F ,)? + V? 3a (OF Oy) + V2’ 


and the brackets < ) denoted averages over the 
distribution functions f)(v). 

To proceed further in computing the elements 
of @qgg(w) we must introduce the concrete prop- 
erties of the plasma and its environment. More 
precisely, we must assign the type of collisions 
i.e., the function v(v), the nature of the field E 
(whether 2=0 or Q> Fen and its orientation 
with respect to the field Hj. Introducing these 
factors uniquely determines the form of the sta- 
tionary kinetic equation satisfied by the function 
f)(v) (cf. 1) and thus makes it possible, by means 
of (6), to obtain expressions for P aB (w) in terms 
of such parameters as T —the temperature of the 
heavy plasma particles, N, E, Ho, ©, and 6, the 
angle between E and H). 

Certain particular examples will be considered 
below. First we compute the components of the 
tensor TOB(w), which establishes the general re- 
lation between the yqg(w) and ogg(w). 

3. From (2) and the definition of the tensor 
Pap (w) we have 


(8) 


where OY. (w) is the inverse of the matrix Taplw), 
which characterizes the linear conductivity of the 
plasma in a given equilibrium state with respect to 
a small (with respect to the field E) harmonic 
field e = eye!“t, Expressions for the elements of 
Tap (w) in terms of the distribution function fo(v) 
are known from the kinetic theory of electrical 
conductivity (cf. ™) and can be written as follows 
(L=d In f,/de): 


aT She (o) = apr (0) 02 (0), 


Or Une a Opa OG) = 0, 9:2 


(o) = — 1 xo (v, ) L>, 


ye 
F xx (W) = Oy (©) = — > KKK 


+ <HX 4) (v, w) Ld}, 


y (v, w) Le 


TL 


Sry (@) = 5}, (@) = — {Kk (v, ©) LY — KX (0, LY). 
(9) 
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Calculating the inverse matrix Tap and using 
(6) we obtain the following expressions for the non- 
zero elements of the effective-temperature tensor: 


RT eg = — Xo (&, 0) /<o (e, #) L?, (10) 
EX pp Tey ee a ee ae ee 
RT ete = AT ope = 2 VK ORS. Te Re OMe as a 
(107) 
ON Cay Gis he L j <Xi=) (, @) > ig hea (U, ®)> | 
RT ete = — RT ete = 2 Gia, OLy. ..<0eg elem 
(10”) 


As expected, at thermodynamic equilibrium 
fy(v) = C exp(—mv’/2kT) and these formulas 
give T¢R=T6... 

eff a , 

4. We consider other particular examples. Sup- 
pose that a plasma is highly (in particular, fully ) 
ionized so that the electron-electron collision fre- 
quency ve > 6v where v(v) is the frequency of 
electron collisions with heavy particles. Then 
(cf. "), the function f)(v) is a Maxwellian distri- 
bution corresponding to the electron temperature 
Te. In the general case the temperature Te is a 
monotonically increasing function of E that also 
depends on the parameters T, N, Hp, &, and 6.* 
In this case Eqs. (10), (10’), and (10”) yield a 
unique frequency-independent value of the effec- 
tive temperature: 


Tete = T das. 

Thus, as in the case of an equilibrium medium, 
the spectral composition of the electromagnetic 
radiation from a highly ionized plasma is com- 
pletely determined by the absorptive capacities 
(the tensor ogg(w),'""1) while the intensity of 
this radiation is determined by the electron tem- 
perature 'Te:: 

We now consider an isotropic plasma (Hy = 0), 
In this case 


Gap (w) =G(w) da5, Tete (©) = Test (0) dap, 
where o(w) and Tefs(w) are determined by (9) 
and (10) respectively. At low frequencies w « v 
and at high frequencies w > v Eq.. (10) yields 
in accordance with Eq. (7), 


<e/V> 
<elin> |” 


<ev> 


AT ess (0) = on 


RT ete (00) => (11) 


The first of these expressions has been given 
earlier .{® 

Suppose now that the field E is constant and 
that the plasma is weakly ionized ve « 6v. Then, 
if the only collisions of importance are elastic col- 


*Expressions for T, for actual cases are given in [7] and 
[11]. 
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_ lisions with neutral particles—solid spheres of ra- 
dius a,—the function f)(v) is the well-known 
Druyvesteyn function!!!) 


fo (ve) = Cexp [— 3m?8,, 04/8 E77], (12) 


where 1 = v/v (v) = (ma2Ny,)7!, Nm is the density 
of molecules, 59] = 2m/M, and M is the mass of 
the molecule. Substitution of (12) in (10) gives the 
following general expressions for the effective 
temperature in this case: 


oo co 


eEl yee LC ee 
We pi Sam / \ reer ae 
el 94 eet : 0 Cio 


a = V36_,mw?/ [2° (na®N pn)? el]. 


RI ett = 


(13) 


The dependence of Tere on frequency w (which is 
always weak) appears only in the interval a < 1. 
When a@ > 1 we have 
ee hy ae (14) 
ere V 651 — 
At zero frequency the value of Teg can be only 
4/7 times greater at most. 
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It is shown that when the sign of the yN-scattering pole diagram connected with 7°-meson 
decay is correctly chosen, the contribution of the pole to the cross section for the scatter- 
ing of y quanta by protons decreases considerably. In order to obtain information on the 

lifetime of the 7° meson, the precision of the experiments must be appreciably improved. 


1. INTRODUCTION 


pete years ago Low" called attention to the 
presence of a pole diagram connected with the 
decay of the neutral pion, in the amplitude of elas- 
tic scattering of y quanta by protons. An account 
of this diagram, from the point of view of the 
double dispersion relations for yN scattering, is 
equivalent to an examination of the nearest singu- 
larity in Q*. Several interesting considerations 

in connection with the double dispersion relations 
for yN scattering are contained in the paper by 
N. F. Nelipa and L. V. Fil’kov (preprint ).* 
Zhizhin™! considered a contribution of this ampli- 
tude in different states. Recently, Hyman et al] 
and in greater detail Jacob and Mathews™! noted 
that the addition of the one-meson pole amplitude 
greatly improves the agreement between the theo- 
retical and experimental results in the y-quantum 
region from 100 to 250 Mev. This problem is con- 
sidered in detail in a recently published paper by 
Bernadrini, Yamagata, et al." 

It is known that an analysis based on dispersion 
relations"®J leads to scattering cross section 
values greater than the experimental values in this 
energy region. In the present paper we wish to call 
attention to the sign of the pole amplitude, which is 
very important, since the interference terms play 
the principal role. From the results of Goldberger 
and Treiman"! for the decay of the neutral pion, 
and from the dispersion relations for forward scat- 
tering, which we used previously,“ it follows that 
the (relative) sign of the pole diagram differs from 
that used by Jacob and Mathews. Thus, the addition 


*The authors are grateful to Nelipa and Fil’kov, and also 
to Dr. Yamagata (see below), for acquainting them with their 
results prior to publication. 


of the pole diagram does not improve the agreement 
between the theoretical and experimental results, 
and the discrepancy calls for a different explanation. 


2. SCATTERING AMPLITUDE 


We denote by p and p’ the nucleon momentum 
vectors in the initial and final states, respectively, 
and by q and q’ the same quantities for the y 
quanta. Since they satisfy the conservation law 

qtp=q7 +P’, (1) 


it is convenient to introduce the following four or- 
thogonal vectors: 


K=i(4+q9), Q=F(7—9%.=7(2—P), 
Pia Pra (PK)/K?, Nu a je oP Re Qe (2) 


where P=(p+p’ )/2. From these four vectors 
we can construct two independent scalars: 


tk Mv = —(PK). (3) 


The lengths of the vectors introduced in (2) are 
connected with Q? and Mv by the relations 
=— Q, P= — & — M’, 
p’ — p? — (PK)2/K? = Q-? [M22 — Q@ (Q + M?)], 
Nb =— PIE = Clim — @(e+M 1. (4) 


The S-matrix element for yN scattering can be 
represented in the form 


<p'q' |S|pq> = <p'q' | pq> 
+58 (p’ +4'—p—q) 
where 


N = u (p’) e.N yvevtt (p) 
= onti ( PoP Me [ dtze—HK) (p’ | T(e' -i($)) 
x (ei(—4))|p>- (6) 


MN 
St Fe oe Vey ’ (5) 
(PoP 990%)” 
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| In the center-of-mass system (c.m.s.) the differ- 


ential cross section is given by the relation 
(7) 


where W? = —(P+K)? is the square of the total 
energy in the c.m.s. 

The scattering amplitude N can be written as 
a sum of six invariant functions (K = YuKy): 


eC Nyvey = (ee [71 RTs eee [Ts + iKTa] 


___(e’P’)(eN) —(e'N) (eP’) 
ee (pana iysT's 


e’P’)(eN e’N ‘ 
a (e’P’) ( a (8) 
In some cases it is also convenient to represent 
the amplitude as an operator in spin space in terms 
of six non-covariant functions R;: 


y;KTs. 


Wt & Ne, Ry(ee’) +Ra(s's) +iRs (ole’el) + iRa (6 [s’s}) 
+iRs [(ck) (s‘e) — (sk’) (se’)] 
+ iRe [{(sk’) (s’e) — (ok) (se’)], (9) * 


where s=k xe, s’ =k’ xe’; e, k and e’, k’ are 
the polarization of photon-momentum unit vectors 
before and after scattering, respectively. 


3. MATRIX ELEMENT OF NEUTRAL-PION DECAY 


The S matrix for the decay of the neutral pion 
has the form 


(2a ae en 2@ 

x <q'q| J (0) |0>, (10) 
where q and q’ are the photon momenta; q, is the 
4-momentum of the pion; J(x) is the current of the 
pion field: 


<9'G| S| 92> = Sa (72 —4—7’) 


J (x) = i St = igop (x) yotstp (x) (11) 


coreg 0 


[y(x) is the meson-field operator, (x) is the 
nucleon-field operator, and gy is the non-renor- 
malized constant of the pion-nucleon interaction ]. 
The Heisenberg equation for the meson field can 
be written in the form 


(— Co? + m2) (x) = J), (12) 
and in the notation of Goldberger and Treiman"! 
M. = (200° V 4qq'<q'q|T | 0> 

(13) 


= — de pyorey ey GonF [(q + 9')*), 


where F(q”) is the form factor. The eeceaalen, 
for the decay S matrix contains F(-—m7). 


*(ee’)=e-e [ee]=exe. 
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The probability of decay of the neutral pion is 
>) (2x)? | <qq’|S|qu> P/VT 


qq’ ec! 
aor (4G. —¢—q') Bq Bq’ —~—, 
parler) 84 x9 10% 


x Di Ules’) +(e's)}? | FP. 


¢F 12 
(14) 


Summing over e and e’ and integrating over the 
angles we obtain in the pion rest system 


w = (m3/64n) | F |. (15) 
The pion lifetime T is 
t = 64n/m3 | F\?. (16) 


Using the dispersion technique, Goldberger and 
Treiman have shown that 


p = [2n,— “eas v2) (1 + pp), (18) 


where Lp and fy are the anomalous magnetic mo- 
ments of the proton and neutron, while Iy and I; 
are positive integrals. It follows from (17) that 


F (0) g <0. (19) 
This sign is of importance for what is to follow. 
4. SINGLE-MESON DIAGRAM FOR THE SCAT- 
TERING OF GAMMA QUANTA BY PROTONS 
The S-matrix element of the pole diagram is 
<p'q’ |S — 1 pq> = igaass 4 (0) vs 4 (P) 
Rotip gi p — 9) 


4 
Se (Day ae i (0) » (20) 
(2x) pee haed <q'|Jx (0) | q> 
It can be shown that 
<q’ \Jx(0)|q> 
pe ee (— ) Bye en Oo Gey Fil gee 


~ Qe (4909’ oO 

Since the matrix element (q’|J7,(0)|q) is taken 
for the pole at (q’—q)?= —m2, Eq. (21) ge de i 
exactly the value of F encountered in the nm decay. 

Substituting (21) in (20) and going to the c.m.s., 
we obtain 
igF Mq@ 
(2m) (4909 PoP Vie 


[i (sk) (es’) — (sk’) (e’s)) 


<p'g' {SA \pqy =  (200)98'(p' +g’ 


pP—9) ai 
— i ((sk’) (es’) — (0k) (e’s))]. (22) 


Comparing (22) with (9) we obtain for the contribu- 
tion of the pole diagram 


212 1 Ee 


Ry, = Rap = Rsp at Rip = 0, 


gF q° 
Rsp = Rep aa 


See eos Sears * 23 
82 (p—p'p + me,’ (23) 


from this we conclude that the contribution made 
to the amplitude by the pole diagram due to the 


exchange and decay of the pseudo-scalar neutral 
meson reduces to the combination 


Ps gFm,, q 4 
Rep — Rep = “8aW m_ 1 + m=/2q? — cos § : 2) 
It is important to note that by virtue of (19) 
Rsp = Rep <0, (25) 


if it is assumed that F(0) and F(—m2) do not 
differ greatly. 

In the expression for the cross section [for- 
mula (16) in®!] the pole term enters in the com- 
bination 
~|Rs— Rg! (1 — cos 6) 


Re (Rs; — R,)* (RK; —R,) (1 — ‘cos 8)*: (26) 


The contribution of one pole diagram has the form 


Is (8) = —|Rs— R,|? (1 — cos 0)° 


=-ADHEeEA SE, 
mit \W/ 4x \m,/ (1 + m2 / 2q2—cos 0)? 


(27) 


which agrees with the result of Jacob and Mathews. 

We can expect the cross section of scattering 
by 90° to be reduced by addition of the pole term 
only when the second term in (26) is negative. 
Since R, is large and negative, owing to the large 
anomalous magnetic moment of the proton, 

Re (R3—R,) is a positive quantity in the region 

of energy under consideration. Thus, the second 
term in (26) is positive if Rs5p — Rep <0. Conse- 
quently, assuming the analysis of Goldberger and 
Treiman to be correct, the pole diagram does not 
decrease the theoretical value of the cross section, 
but increases it. 

If we use the results of our own analysis,'" we 
find that Re (R;—R,) is determined not only by 
the limit theorem, but also by the amplitudes of 
photoproduction of E, and M3. Since in this case 
the ‘‘isotropic’’ part of the contribution of the pole 
amplitude is automatically taken into account, it is 
necessary to add to the previously-obtained ampli- 
tude not all of expression (24), but only the 
contribution of (24) to the higher states, i.e., the 
difference 


7] 


(Rs ==3 Rs)p he es \ (R; => Re) p sin 6d6 ‘ 


As a result of this procedure, which is necessary 
in order not to violate the unitarity of the S matrix 
(when 6 = 90°), the quantity yj! (where Yo=l 
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+ m2 /2q*) is replaced by 


yo Fel Ger 
which leads to replacement of */; by — 0.14 when 
q? =m (yy ee 

Thus, the contribution of the amplitude is de- 
creased by a factor of 5, and the sign of the con- 
tribution changes. By virtue of this, a much higher 
accuracy is necessary before the connection be- 
tween the amplitude of the neutral-pion decay and 
the amplitude of the scattering of y quanta by pro- 
tons can manifest itself. It was recently shown 
that the lifetime of the neutral pion is (2.0 + 0.4) 
x 10° !® sec, ] which also decreases the contribu- 
tion of the pole diagram. 

The indeterminacies in the analysis of the pho- 
toproduction cannot influence the conclusion re- 
garding the sign of the interference term in (24), 
since this sign is determined by the well known 
theorem for low energies. The scattering ampli- 
tude at low frequencies, first obtained by Low? 
and Gell-Mann and Goldberger,"!4] is reviewed in 
the appendix, where it is obtained as the contri- 
bution of the single-nucleon terms (see !), 

We note, in particular, that 


Q 


Qt] M?— ve be (28) 


e 
T= ag (ba A) 
Let us give another, less rigorous but more il- 
lustrative proof of the correctness of the determi- 
nation of the sign of the pole diagram. * 
The matrix element (q’|J7z(0)|q) can be rep- 
resented in the form 


, " $ A 4 F 
<q’ | Jn (0) | > = turer ll, & Fo %, Taps Fil¢—q)4 
= — pate i if ee OF es (29) 
(2It) (P’”? N2) /2 


so that 
<p'q’ |S — 1| pq> =i 2x) gd" (p’ + q’ —p—q) 


x iu (p’) ste (p) 


2Q2F (0 P’\ (PN) —(e’N) (eP’) . 
4Q? + m2 (P”? N2)'2 ‘ (30) 
hence 
oF Q? 
We now introduce the function 
fv, @) =Ts (v, @)/ Q. (32) 


If we regard f(v, Q?) as an analytic function of 
Q? at fixed v, we obtain from Cauchy’s theorem 
and from (31) 


*An analogous approach was used earlier’” to obtain the 
Goldberger-Treiman relations. 
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LOG) = 


iY ne + m2 i237 


J Q> 

where Jq is the dispersion interval, the lower 
limit of which is 4m%. In the region Q? « 4m?, 
the integral in (33) is small and we can approxi- 
mate f(v, Q?) by the expression 


1 


1 6Q@) = oer 


(34) 
On the other hand, f(v, Q?) is also an analytic 
function of v for fixed Q?. By Cauchy’s theorem 
with account of (28) we have 


02 (4 } 
i, @) = SE aap tl» = (85) 


where J,, is a second dispersion integral. In the 
region 2v<S m,, the pole term will predominate 
and 


Fw Gee at 1 


M Q*/M2 — v2 (36) 


It is obvious that (34) does not hold near M?v? x Q?, 


and (36) does not take place when 4Q? = —m?. It is 
still possible, however, that expressions (34) and 
(36) are valid simultaneously near certain values 
of v and Q?. Equating these expressions for 2v 
=m, and Q = 0, we obtain 


F = —4ne® (1+ A)/gM, (37) 


which is very close to the formula of Goldberger 
and Treiman, obtained by an entirely different 
method. 

Actually, from (17) we obtain for (g?/47?) I, 
>i1 


e(1 +A) lot ph 


= — 4x g Ty ’ 


which coincides with (37), apart for a numerical 
factor. 

The literature reports two different choices of 
the common phase for the yN scattering ampli- 
tude, one with a Thomson limit +e?/M, the other 
with —e?/M. The error in the published papers 
lies in the fact that the choice of the common fac- 
tor in the one-meson amplitude does not corre- 
spond to the choice of the sign of the remaining 
amplitude. 

A direct comparison of the amplitude used by 
Jacob and Mathews"! with (9) shows that the func- 
tions fj introduced in ™ are related with Rj by 
the equations 


| — f, = Ri + Rez cos 8, 
cis = Rs + Re cos 0-+ (R;-+ Re) (1+ cos 9) 
— (Rs — Ro) (1 — cos 9), 

fa = Ra, fs = Rat Rs, fe 


fe ra Re, 


= Rs, 
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where the difference in the common phase factor 
is taken into account, and from which it is clear 
that the sign used in “! for the pole term differs 
from that proved in the present paper. 


APPENDIX 
SINGLE-NUCLEON TERMS IN THE DISPERSION 

RELATIONS 

Recognizing that 
T(e-i(Z))@-i(— 3) = @e-7). ¢i(—9)] 

i (e' ry (})) (e. j (— 5) i (A.1) 
we determine the retarded and advanced amplitudes: 
NU? = + 2Qn?i (popo/ M2)" 

| dtzetiKe <p" | 8 (+20) [e’-i($). e-j(— 5) | p» : 

The vertex part of the current has the fornke 


<p’ \ef (ip) = car HONE ta (2 (p’ — p) 


~ (=e) |ulp) = peu (| + 8-+ ae (CP) ] UCP), 


(A.3) 
where € is the charge of the nucleon. 


The pole term has in the region of positive fre- 
quencies the form 


Ae = — 28" S15 (e — p+ pa) <p’ 1c: Oi pn 
2 s 
< <pa\e'j (0)| p> = 7 \ eps 5° (k —p-+p,) 


xu(p’)| (1 ee are?’ | u (P—Kyu (P —K) 


x | A) e+ + e'p|u (p). (A.4) 
Using the relations 
yu(P—Ka(P—K) = SEVEN (A.5) 
reared “F nO 
(2pno)-? Bn = d*pa® (Dao) 6 (p2+ MP), (A.6) 


we obtain 
Ao =" 5 (ph +M)u(p')|[(1 +4) e-bag CP’) | 
xt— i(P —kK)+m1/ (1 Geet +i (ep) | (p). (A.7) 


We can express A? in terms of the fundamental 
invariants: 


Ae (e 2 ioe Ao + a AS 
F EN) Se N) (eP’) beta le ls) ) (eN) + (e’ wee AS. 
(P2N2)' (P’?2 N2)'2 ie 8) 


Comparing (A.7) and (A.8), we obtain 


AQP? = © 8 (p+ MY) u(p')[(1 +2) P+ (P'p’)| 


x[— i(P— RK) + MI[( +a) P+ (P’p)|u(p). (2-9) 
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It is easy to verify that 
(P’py =P*. P =) = (P'p) =P. 
u(p’) [P’ (— i (P — K) + M) P’) u(p) 


(A.10) 


=u (p'){— iP? +2P” M421 0 Kp’ (p),(A.11) 
i (p') P’ I—i(P — antici fbi a) 

—i(P? CE KP)\|u(p), — (A.12) 
u (p') (— i (P— K) + M) P')u (p) 

= ii (p’) [Mt (iM — DK) — i (P? +(PRK) 

+ i(KP +52 PR)| wp), (A.13) 


u (p’) [—i(P—R)+ M1 wu (p) = u (p’) iK +2M) u (p). 
(A.14) 


Using (A.10) — (A.14) and noting that at the pole 


we have 
(P — K)* = P* + K* — 2(PK) 
= 2K? — 2 (PK) — M’ = — M? 
or that 
K? = (PK), (A.15) 
we obtain 
Al = 1 6% (2K? — 2 (PK) u (p’) (2M + iK) u (p) 
36(v 2) ap) OM+iR) u (9) nae 
Pei anialy, 
A? = — 5 8(v —S)u(p’) iK u (p) (1 +2)%, (A.17) 


(As + Aa) (P?N?)"* 


a Saw ims Ru 
(At — AQ (PAN?) : 
= SEE 8 (vO) i (pt) [FR — im Nu. 
(A.19) 


From (A.18) and (A.19) we find 
, if, 2(4 i) 2 “n/a, ,. , ‘y : 
Ao (P’2N?)* = oi 6(v—5) (— ip *) u (p’) N u (p), 
ip, 2(4 x 2) Pr2—) van 
As (P2N2)"* = TE 6 (v — 2) uw (p') NRu (0). 


A. 
It can be shown that Sere 


u (p’) NKu (p) = (P’*N?)"* iu (p’) you (p), 
iu (p’) Nu (p) = Ku (p’) y,Ku (p). 
If we now take into account the fact that (p22 1/ 2 
= P/Q? by virtue of (4), we obtain from (A.20) 


LAPIDUS’ and CHOU+KUANG=CHAO 


AS = —"C#® 5(v—F) in (p') v5 u (p), 
Ao = Be (v— Q@/M) u(p’) ys Ku (p). 


Finally from (A.16), (A.17), and (A.21) we obtain 


(A.21) 


T° 0 e2 Q? T? e2 v 
1 im Ov 12 ie GP’ 
0 (Ne e7 (1 +i1)* Vv 
Ts=0, a= —~Gaa — OME 
Se Ee oars CS by Nil es Sages 
R= MT =e ase «(Ga ag7)+ (4-22) 


which coincides with the previously-obtained re- 
sults and has the correct signs. 

In all the calculations of the single-nucleon 
terms it is assumed that parity is conserved in 
the electromagnetic interactions. The results ob- 
tained remain valid also in the presence of CP 
invariance. 
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_ BETA AND GAMMA SPECTRA OF Tel!” 


N. A. VARTANOV, Yu. A. RYUKHIN, I. P. SELINOV, 
V. L. CHIKHLADZE, and D. E. KHULELIDZE 


Physico-Technical Institute, Academy of 
Sciences, Georgian S.S.R. 


Submitted to JETP editor April 25, 1961 


J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 303 
(July, 1961) 


An activity with half-life T = 1.17 hours, attrib- 
uted to Te!!”, was obtained when irradiating anti- 
mony with high energy protons.{!] Some informa- 
tion about the gamma spectrum of Te!” was also 
obtained during investigation of Te!®,™ but was 
not published owing to its preliminary nature. 

The isotope Te'!’ was identified from its daugh- 
ter isotope Sb!!7 (T = 2.8 hours, Ey = 0.16 Mev) 
and obtained from the reaction Sn!" (a, n) Tell? 
by irradiating in a cyclotron a target enriched in 
Sn!!4 (to an abundance of 57%) with alpha par- 
ticles possessing an energy of about 21 Mev. 

The Te?!” was chromatographically separated 
from the irradiated target in an anion exchange 
column containing a 0.1N solution of ammonium 
oxalate. The half-life of Te’!”, measured by a 
scintillation spectrometer and an end-window 
counter, was found to be T= 1.1 + 0.1 hours. 

The gamma spectrum of Te!’ was measured 
on the scintillation spectrometer and the following 
gamma lines were found: 0.71, 0.93, 1.10, 1.27, 
1.42, 1.70, 1.98, 2.3 Mev, and annihilation radia- 
tion. The total intensity of all gamma transitions 
is about 0.3 of the intensity of the 0.71 Mev 
gamma line. 

The positron spectrum of Te**' was studied on 
a twin-lens spectrometer.'*! The end point of the 
spectrum is 1.80 + 0.07 Mev, its Kurie plot is a 
straight line. Electron lines 0.690 + 0.003 Mev 
and 0.719 + 0.003 Mev were found in the conver- 
sion spectrum; these were identified as the K 
and L conversion lines of the 0.720 + 0.004 Mev 
gamma transition. The ratio K/L = 8.3 + 1.0. 

The intensity of the 0.71 Mev gamma line is 
approximately twice that of the annihilation radi- 
ation. If we assume on theoretical grounds that 
the ratio of the probability of positron decay to 
that of K capture is on the order of 1, then for 
the #* transition log tf = 4.3 and we may con- 
clude that the B* transition is allowed. The in- 
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ternal conversion coefficient for E,, = 0.72 Mev, 
calculated under the assumption that the positron 
decay proceeds to this level, has the value ax 

= 3x 10%. A comparison with the theoretical 
value of x for this transition at Z = 51 allows 
us to conclude that the transition multipolarity 

is M1 or E2. 


1Kuznetsova, Mekhedov, Rybakov, and Khalkin, 
Atomnaya énergiya (Atomic Energy) 4, 583 (1958). 

2Selinov, Vartanov, Khulelidze, Bliodze, Zaitsev, 
and Khalkin, JETP 388, 1654 (1960), Soviet Phys. 
JETP 11, 1191L (1960) 

3Selinov, Chikhladze, Khulelidze, and Vartanov, 
Izv. Akad. Nauk SSSR, Ser. Fiz. 25, 848 (1961), 
Columbia Tech. Transl., in press. 


Translated by Mrs. Jack D. Ullman 
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POSSIBILITY OF DETECTING GRAVITA- 
TIONAL RADIATION UNDER LABORATORY 
CONDITIONS 


V. B. BRAGINSKII and G. I. RUKMAN 
Moscow State University 
Submitted to JETP editor May 11, 1961 


J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 304-305 
(July, 1961) 


‘Tae intensity of the gravitational radiation that 
arises on excitation of the characteristic longi- 
tudinal elastic vibrations in a body of cylindrical 
shape is relatively larger than for other macro- 
scopic mechanical radiators.‘4) If one synchro- 
nously excites the characteristic longitudinal vi- 
bration with amplitude of fractional elongation é 
= 10° in n= 2 10‘ identical cylinders of cross 
section S = 104 cm?, density p = 5.5 g/cm’, and 
speed of sound in the material of the cylinders 
Vg =4* 10° cm/sec, the power loss to gravita- 
tional radiation is ~ 107° w."4)2]_ For this case it 
is necessary that the axes of the cylinders, along 
which the elastic vibrations are excited, be paral- 
lel, and that the cylinders be located at distances 
small in comparison with the wavelength of the 
radiation (the radiated power is proportional to 
n?). The total power losses in the excitation of 
such a system are ~ 10°w at frequency 10° cps. 
We note that to register or measure an elec- 
trical or mechanical signal with power iT ea 
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under ordinary laboratory conditions is extremely 
difficult. This is due to the fact that the main ob- 
stacle in principle to the registration of weak sig- 
nals is thermal noise. For a sinusoidal signal of 
known phase and frequency the minimum power 
that can be detected with reliability a is given by 


(1) 


Here T is the absolute temperature of the source 
of the signal, k is Boltzmann’s constant, T is the 
time of a single measurement, m is the number 
of measurements, @(a,m) is the tabulated relia- 
bility index of the result for a set of m measure- 
ments, a is the degree of reliability of the result 
of the measurements, and M is the ‘‘quality fac- 
tor’’ of the measuring apparatus as a whole. For 
an ideal measuring apparatus M=1. Let us take 
an example based on experimental data:"9] for a 
= 0.990, T = 300°K, Tm = 6 x 10° sec one would 
detect a power of 4 x 10°*8w, which corresponds 
to M = 5. Assuming that tm can be increased to 
6 x 10° sec (about 8 days) and M = 1, we get 
Pmin = 1072? w. Thus if there should exist an ac- 
ceptable device that completely absorbed the gravi- 
tational radiation, it would be possible to accom- 
plish the detection for the example given above. 
Owing, however, to the extremely weak interaction 
of gravitational radiation with matter, it can be 
shown! that to detect the absorption (that is, the 
conversion into other forms of energy) a power 
10? to 10% times the value of 107*° w would be 
required. 

There is a possible type of indirect experiment 
for the detection of gravitational radiation by the 
use of the radiating system described above. Let 
us suppose that we have at our disposal two groups 
of n identical cylinders, placed close together and 
with their axes parallel. If we excite vibrations in 
these groups of cylinders in synchronous phase, 
then, as has been indicated, the power of the gravi- 
tational radiation will be about four times that 
from one of the groups. If, on the other hand, we 
excite the vibrations of the two groups with oppo- 
site phases, without changing the distances and 
orientations, then there will be only the octupole 
radiation, which is much smaller than the quadru- 
pole radiation from a single group. Thus by 
changing the phase shift of the vibrations in one 
group of cylinders by 7, one can cause synchro- 
nous changes of the radiative losses from the sec- 
ond group. For the values of S, n, é, p, and vg 


Pinin = 2RTO? (a, m) M [v(m — 1). 


given above the depth of the modulation of the power 


expended in the excitation will then be 2 x 1077° w. 
Such a direct effect of modulation of the power can 
be measured. The minimum value of the depth of 
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modulation that can be measured can be calculated 
by means of the relation (1), since the frequency 
and phase of the modulation are fixed for the ob- 
server. 

By changing the mutual orientation of the cyl- 
inders one can produce a supplementary control 
modulation, by using the well known directional 
pattern of quadrupole radiators. 

In arranging the experiment, careful electro- 
static and acoustical screening of the two groups 
of cylinders is necessary. 

One can use as the material for the cylinders 
the ferroelectric substance BaTiO3, and can pro- 
duce the excitation of the vibrations by means of 
an alternating voltage, using the inverse piezo- 
electric effect. If one determines the depth of 
the modulation of the power associated with the 
radiation in one group of cylinders by detecting 
the amplitude of the voltage applied to the cylin- 
ders synchronously with changes of phase in the 
other group, then besides the ordinary thermal 
noise there are large additional disturbances 
owing to amplitude fluctuations of the supply gen- 
erator and the amplifying systems. According to 
the results of Bershtein!*) and Malakhov,"! for 
excitation of a system of cylinders at frequency 
10° cps, with phase modulation at frequency 103 
cps and power 10°w expended in the excitation, 
one must expect that the spectral density of the 
power associated with the amplitude fluctuations 
will be 10-?— 10-!° w/cps, which is equivalent to 
a noise temperature T = 3 X 10%°K. Therefore 
it is necessary to use narrow-band symmetrical 
band-elimination filters at frequencies 10° + 10° 
cps with total attenuation of the order of 110 to 
130 db. This should lower the noise temperature 
to ~ 300°K.° The filters must be connected between 
the amplifier stages and between the amplifiers 
and the supply generator. 

For the values that have been given, radiated 
power 107*° w, power expended in excitation 10°w, 
at excitation frequency 10° cps, and ¢ = 107°, the 
volume of BaTiO; required is ~40 m3. Owing to 
the fact that the power of the gravitational radia- 
tion is proportional to n?S*é* and the expenditure 
of power in the excitation of the vibrations in the 
system is proportional to nSé?, one can decrease 
the amount of power expended for the same radi- 
ated power by decreasing & and increasing S or 
n, i.e., at the expense of an increase of the volume 
of the system. 

The writers express their gratitude to Profes- 
sor V. V. Migulin and S. A. Akhmanov for helpful 
discussions. 
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ASYMMETRY IN ANGULAR DISTRIBUTION 
OF NEUTRONS EMITTED IN THE CAPTURE 
OF NEGATIVE MUONS IN CALCIUM 


V.5. EVSEEV, V. 1. KOMAROV, V. Z. KUSH, 
V. S. ROGANOV, V. A. CHERNOGOROVA, 
and M. M. SZYMCZAK 


Joint Institute for Nuclear Research 
Submitted to JETP editor June 4, 1961 


J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 306-307 
(July, 1961) 


E; ROM a measurement of the asymmetry coeffi- 
cient of the angular distribution of neutrons from 
the reaction 


uo -E A> A’ -* n + (1) 


evidence about the nonconservation of parity and 
about the components of the weak interaction be- 
tween a p-meson and a nucleon can be obtained. 
For the case of parity nonconservation, the angular 
distribution of the neutrons emitted by the nucleus 
in the direct process, bypassing the compound nu- 
cleus stage, is of the form"! 


(2) 


where @ is the asymmetry coefficient of neutron 
emission on capture of fully polarized ~ mesons 
by the nucleus, a coefficient dependent only on the 
interaction constant of a uw” meson with a nucleus; 
P,, is the residual polarization of the w meson in 
the K orbit of the mesic atom: 8 (En) is a coeffi- 
cient that takes the nuclear properties into account; 
Ey is the energy of the emitted neutron and © is 
the angle between the spin direction of the » meson 
and the direction of emission of the neutron. 


N(E,,9)~1+acos#, a= P,B(E,)a, 
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_In the present note we report on preliminary re- 
sults of measuring the asymmetry coefficient a@ on 
absorbing » mesons in calcium. pw mesons with 
momentum 250 Mev/e (from the synchrocyclotron 
of the Joint Inst. for Nuc. Res.) were brought to 
rest in a calcium target of thickness 12 g/cm? 
placed in a magnetic field. The neutrons were re- 
corded for 0.67 usec, allowing 0.1 psec after the 
passage of a uw” meson, by a threshold scintillation 
layer detector, insensitive to y quanta, similar to 
that described by us previously.“ 

Evaporated neutrons could be excluded from the 
count by choosing a 7-Mev threshold of neutron 
counting, and only neutrons from the direct proc- 
ess were detected with sufficient efficiency. The 
background of chance coincidences was measured 
simultaneously with the effect, with the same en- 
ergy threshold. 

A telescope of three scintillation counters re- 
corded the disintegration electrons on stopping p™ 
mesons in calcium in order to determine P,,. The 
asymmetry in the angular distribution of neutrons 
and disintegration electrons was measured by the 
method of spin precession of a w meson in a mag- 
netic field, counting for two opposite directions of 
the magnetic field. 

In spite of the four-layer magnetic shielding 
there was a slight influence of the coil magnetic 
field in the presence of the leakage field of the 
accelerator on the amplification coefficient of the 
photomultipliers of the neutron detector (FEU-24), 
which was equivalent to a change in the working 
threshold by (2.95 + 0.11)%. The effect of the field 
was carefully measured, and taking this into ac- 
count we found 


Aca = Py P+PaBacs = — (0.067 + 0.022), (3) 


where Py = 0.96 and Py = 0.94 are coefficients 
that take account of the recording of an insignifi- 
cant fraction of y quanta and evaporated neutrons 
produced in the capture of a uw meson; B is the 
mean of the quantity B ( Brae averaged over the 
recorded part of the spectrum of primary neutrons 
and Py = 0.135 + 0.019. From this @cg = — (0.93 
+ 0.33). 

As a control experiment we measured Aa for 
y~-meson capture in aluminum, where there is no 
asymmetry in view of the complete depolarization 
of u~ mesons.'! The measurements gave Aa] 
= — (0.015 + 0.015). 

There have recently been reports!4»*] on the 
measurement of the asymmetry of neutron emis- 
sion on the capture of w~ mesons in magnesium 
and sulfur. The authors limited themselves to 
presenting the value of A and did not take the re- 
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sults as far as the calculation of @. If a correc- 
tion is made for the counting of evaporated neu- 
trons in the way which we have used for calcium, 
then a@ from all these experiments has roughly 
the same value, near to unity, with the same 
(about 35%) statistical error. However, the lower 
neutron counting threshold (3—5 Mev) in these 
experiments leads to appreciable corrections Py 
(0.5 —0.7), making the value of @ derived from 
[4] and ©! less reliable. 

The existence of asymmetry of neutron emis- 
sion which we have observed confirms the parity 
nonconservation in y~ capture." 

On the basis of the theoretical‘ and measured 
values of @, the presence of a pseudoscalar com- 
ponent of the interaction in process (1) can be de- 
duced, with the sign of the ratio gp/ga of the 
pseudoscalar and pseudovector constants positive. 

We must point out that the value of @ obtained 
is appreciably greater than the most probable theo- 
retical value @ = 0.41, obtained for ga /gy = — 1.25, 
gp/ga = 8, ep/ey = 3.7.11 

The authors consider it a pleasant duty to thank 
I. S. Shapiro, E. I. Dolinskii, and L. D. Blokhintsev 


CORRECTION TO ‘‘THE RELATIONSHIP 
BETWEEN MATRICES OF DIFFERENT 
TRANSITIONS AND MULTIPLE PROC- 
ESSES’’ 


B. T. VAVILOV 
Moscow State University 
Submitted to JETP editor February 25, 1961 
J. Exptl. Theoret. Phys. 41, 307-308 (July, 1961) 


Our earlier calculation’! of multiplicity re- 
quires the following corrections. 

1. Propagation functions in the Bloch-Nordsieck 
model were replaced incorrectly by i(27)~* Ep: 
This approximation was based on the fact that 


hey (p, 4D) ke) ~E™ 
f=] a=1 


for |Kg|—0. Since this approximation is invalid 
for large |kg | the initial system of equations was 
solved anew for V2? [see Eqs. (9) and (10) in 
(11) using a procedure proposed previously. +2 
In the center-of-mass system we then obtain, in- 
stead of Eq. (15) of "J, 


| 
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where Ep and wj are the energy of the nucleon 
and of the i-th meson in the final state, ki = we 
—y’, and ay is a function slightly dependent on 
n and E. 

2. It is also necessary to perform a new inte- 
gration over the final states. This had been done 
inconsistently in §) and @1. When we drop the 
hypothesis that the mesons are monoenergetic, 
we must calculate 


- 3p, dps Rice Oe 


Ry 2 = 
Ve \ DE, PE DUA oa Qh d* (41 aa Pim a —2 Re 
(2) 


where Qn is given by (1); a factor ensuring correct 
normalization of the final state") is taken into ac- 
count in Qn. Using a procedure similar to that pro- 
posed in "! and "*], we can express W, in terms 

of Hankel functions. However, multiplicity cannot 
be calculated for the general case. It must be as- 
sumed that the total momentum of the mesons is 
zero and that the transverse momentum of each 
meson is conserved (p; ~ »). We then obtain ap- 
proximately 


W, = (2ngmetp-)* E27n 8, (3) 


whence for the most probable number of created 
mesons in the c.m. system we have 
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